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Translator's note: On several occasions, symbols

found in formulae and calculations appear to have

been rendered incorrectly in the original document.

They will be shown exactly as they appear in
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In the book are examined the operation of
liquid-propellant rocket engines under non-
stationary conditions and transient conditions,
dynamic processes and some questions of statics.
There are considered differential equations, which
characterize the operation of separate units and
the engine on the whole during launching, at
midcourse and during shutdown. Analysis is given
of the possibilities of application of differential
equations in partial derivatives under certain
boundary conditions during research of nonstatlo-
nary conditions.

There are discussed fundamentals of the
theory of injectors, some questions of carbu-
retion and burning; there is offered derivation
of the formula for determination of combustion
delay. The connection is established between
this delay and the physical properties of the
propellant components. There are derived and
analyzed the most important equations of the
combustion chamber, including the basic differ-
ential equation with delay argument. There is
given detailed derivation of the equation of
thrust during operation of an engine under
nonsteady conditions, uncovering of the physical
essence of specific thrust. This permits inves-
tigating intrachanber processes, including high-
frequency instability.

The operation of basic units of the feed
system is described, is el-,en derivation of the
universal equation of the tank pressurizing
system and equations which characterize intra-
tank processes are given. There is described
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the motion of elastLc liquid in a deformable line
and the process of filling of the line with hirh-
boilingo and low-boliing components, which to-
gether with analysis of the operating conditions
of centrifugal an.d screw pumps gives the possibi-
lity of calculating the basic units of feed system.

There are offered a clear graphic-analytical
method and methods of calculation of an engine
with the aid of differential equations and with
the use of computer technology.

The naterials, discussed In the ook can
be _,sed auring thorc.Ah research and calculation
of a liquid-propellant rocket engine and its
unli ts.

The bo,3. is intended for scientlifc workers,
designcrzr , In 't ructr: and tudc, t,-, _cp cia]i- I-rope
zln- in linuid-propllant rocket engines. Tables
6, Illustrations 7Y, Eibl1h-Fraphv )8 .;t]es. the P
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PREFACE

The monograph "Nonstationary Operating Conditions of Liquid- f
Propellant Rocket Engines" is the second edition of the book

"Dynamic Processes in Liquid-Propellant Rocket Engines," issued by

the publishing house "Mashinostroyeniye" in 1964. For the period

of time since this book appeared, interest in questions of dynamics

of the processes, which proceed in liquid-propellant rocket engines,

increased, and at present their study is a very urgent scientific

trend.

The second edition is enlarged, because the theory of non-
stationary operating conditions of liquid-propellant rocket engines
encompasses a wider circle of questions than the theory of dynamic

processes. Specifically, there are examined some problems of

nonstationary energy exchange diffusion conditions, features of

preparation of propellant for burning and so forth. Simultaneously,

from the book are excluded questions well covered in technical

literature.

At present there is no sufficiently substantiated procedure

of theoretical research of processes in liquid-propellant rocket

engines. Therefore, the author, trying to lay the groundwork for

the creation of such a procedure, gave detailed derivations of the

basic equations, examined the appropriate boundary conditions and

made an attempt to take into account not only the main, but also

secondary factors, which affect the operation of an engine.

FTD-MT-24-01-71 x i



The book consists of three sections, each of them defines the In

basic problems and directions of research. The first two sections the beg

are dedicated to the study of separate units, and in the third on suitabi

the basis of obtained results there is shown how it is necessary Then th

to investigate the interconnection between processes under non- (liquid

stationary operating conditions of liquid-propellant rocket engines. peculia

In the first section are examined processes of propellant SP

burning: the atomization of components, mixing, preheating, vapori- tions,

zation of liquid propellant and the formation of combustion products; tanks.

the methods of thermodynamic calculation, widely utilized during be solv

research of intrachamber processes, are not given here, inasmuch

as most of them are well covered in literature. In

a tank

Further there is given the derivation of the basic equation of comp

of combustion chamber in ordinary derivatives on the basis of the two-dim,

law of conservation of mass on the assumption that processes, pro- station

ceeding in the chamber, are changed only in time, i.e., the para-

meters of intrachazber processes at any moment and at any point Th,

inside the chamber have the same value. equatio

the lin,

More detailed research on intrachamber processes requires the
utilization of differential equations in partial derivatives. There- In

fore, there is also provided derivation of these equations and there Istics 3

are shown the possibilities of use of equations of continuity, liquid

energy, motion, and momentum. The last equation allows defining assembl:

the engine thrust during operation both at stationary and nonsteady

conditions. The derivation of these equations, which make it possible In

to deeply and comprehensively investigate intrachamber processes, engine i

is given the greatest attention. understi

proceed:

In the second section of the book are studied processes in method

units of the power supply system in the sequence of their power

and dynamic actions on each other. Deo

is givel

FTD-MT-2 -01-71 FTD-MT-2
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s the In the examination of operating conditions of accumulators in

tions the beginning there is given the derivation of universal equation,

on suitable for calculation and research of any type of accumulator.

ry Then there are analyzed the processes in gas, powder and hot

(liquid) accumulators, the interaction between gas and liquid, the

ngines. peculiarities of displacement of liquid from tanks.

t Specific attention is allotted to the derivation of the equa-

vapori- tions, which characterize heat exchange and mass transfer in fuel

roducts; tanks. The obtained system of equations and boundary conditions can

ing be solved numerically with the aid of digital computers.

uch

In the examination of conditions of overflow of liquid from

a tank into the line there is discussed the procedure of application

ion of computers and there is shown the possibility of solution of a

the two-dimensional, and in certain cases a three-dimensional non-

pro- stationary problem with their aid.

ara-

nt The process of filling of lines is described with the aid of

equations both with heat exchange between liquid and the wall of

the line, and for a case when there is no heat exchange.

s the 3

There- In this section there are also examined the delivery character-

d there istics of a centrifugal pump and screw forepump, the motion of

liquid under nonsteady conditions and operation of the turbopump

ing assembly as a single unit are investigated.

isteady

possible In the third section there is analyzed the operation of the

sea, engine on the whole.' In order that the reader would more easily

understand the peculiarities of the interconnection between processes,

proceeding in the engine, there Is conducted the graphic-analytical

in method of calculation in quasi-static formulation.

#er
Deeper exposure of complex phenomena of the interconnection

is given in the form of a system of linearized equations of statics

FTD-MT-24-01-71
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and. dynamics. the-e 'is alto analyzed the -operation of' efignes,
made-6 in-ri configurations-,, -with the aijd- of complex tyste iso

nonlinear di1fferential 'equations, the solution -of -wh'ih 'is poszlblde

only with the, Use of electronic -comptptrsA, On a nwumb-er -of' excanles

there i's examjined the sequence of -preparation ar-,d t6lut-1oh 61o

equations 6hn analog arddigit-l' comnputers. These ,examples- are. based

on. hypothetical -initial data and -the±'eforve they -bear a tpup~ly

Ssteirtatid .character,

*In -the book- is- used, the, interndtiona'1 systex of~ units, (SI).

Duiping analypit o 1 dlensionali ties, ol* some quantities- one should

-remember 'that Newton dimensionality (N)} k,-m-s -

The author thanks- the pe~ople who obli:gingvly gave some materials, The,

included in the book, and', especially, M. V. Arkhipkin, candidate rocket enj

of technical sciednces,, who wrote Seti6n§ 7.17 ,7.2'4. the ieguL

units of'
The author is 8ircerely rate.fut to honor'ed worker of sCience and funct

and ingineerin&, of the RSFSR, IProfessor I. I. Kulagin, Dr., of

Technical Sciences, *for the vallabie 4-emarks made during r eview of Thd

the mhanuscript, ar.i, to Professor V. M. Kudryqvtsev Dr. of Techn~ical chaniber,

Sciences, and aloo to all people who expressed a number of useful

proposals and recor,,;endattons dur'ing the discussion of~ the manu- The

'Script, which are!
combustio'i

All remarks, on th-le book should be directed to the address: with a coi

Moscow, K-5i, Petrovka, 24l, publishing house "Mashinostroyeniye,"
The.-

'chamnber a

time, and

With
open conf'

In the fij
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Cre7based 1
~)INTRODUCTiON

hould,
T he objecdt of research

iaterials, The theory -of nionstationary, conditions in, l iquid -prop el1lant

lidate rocket engines is one of th6-new technical sciences, which-studies
the rx egularities of kinematic and,.dyhami6 processes', proceeding in.
'Units of liquid-propellant rocket engines-with change- of parameters

cience and zfunctions of working media and 'structural elements in time.

liew of The liquid-prooellant rocket engine includes .the combustioni
.chni'~alchanber,. or cluster' of combustion chamber, and feed systemn.

zefu.

nanu- The comibustion-chamber consists of' the injector ~assembly, -on
which are located 'injectors, center section, or actually the

combustion chamber, and nozzle. The combus4tion chamber is equipped

_SS:with a,cooling isystem.

The systems for feeding propellant components into the combusti6n I

chamber are two types - turbopump, most widespread at the present

time, and pressurized.

With the application of turbopump feed the engine is made with

open configuration or a configuration with afterburning is used.

In ~the first case the waste turbogas is ejected through additional

FTD-MT-24-Ol-7-1 xvi



S?

nozzles into the surrounding medium. In- the second - one -or both the wh4

propellant -compbnents are gasified, are used for driving the .turbine 0perat j

(o two turbines) and then enter the combustion chamber. transi

The turbopump reed system includes fuel1 tanks, the tank

pressurizing system, fuel pumps, turbine (or two turbines), the D
generator (or generators) of working med.um for the turbine, elements zchambi

of automation, lines for propellant -odqponents, gas pipes and 50 meters
forth. dynami(

Howevz

In a pressurized feed system the propellant components are therefi

,supplied with compressed gas, which creates higher pressure in the- to thea

fuel tanks than in the combustion chamber. Because of the specific
features of processes proceeding in the separate units of an engine Fz
in nonstatonary conditions the intrachamber processes, processes import4

in the units of the feed system and the interconnection between time 01

them are considered separately.

Thus, dUring research of the feed system there are also chamber

studied intratank processes, and therefore in the book 'by a. the ent

liquid-propellant rocket 'engine there is acutally meant a rocket changed

power plant (RDU). in spaC

The -study of dynamic processes encompasses all types of non- if

stationary conditions, namely: starting operation of the engine, each pc

transition from one steady state to another, shutdown of the engine, the dyn

low-frequency and high-frequency oscillations of parameters (pressures, rates 0

flow rates, etc.), observed during the entire period of engine lengthw

operation.
Un

THE COMBUSTION CHAMBER to a ch
time fo

Intrachamber processes are generated at the moment of exit Therefo

of propellant components from 'iijectors. For the chamber, as for, steady
ential

* FTD-MT-2 4-0I-71 FTD-MT-2
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-I
f  - _ , '

.,both -the whole -engine, there, ar e, characteristic starting peati .

turbine, operatIon at constant, i.,e. steady condtiofns (at -rdise)-,
transient processes in sustainer ooiditi.0h and shutdown of the -

engine.

the During the whole-period or operation-of, the ine thi, ita-,

elements, chamber processes are accompanied- by continuous change of paws- " - -

dso- eters.. If we adhere to chronological ,order, the eietnation of: -

dynamic processes must begin with the. peiod' 'of stating operatin. .

However., dynamic processe of the same type, proceed, at cruise i .

are- therefore to begin their study it It- conveient to onfrm' n !oo a-°amely-

in the. to these conditions. ' ,
Pecific , C .'::"t

,engine From an energy point of •view the sustainer conditions are Mot

esses important, inasmuch as 'their -duration is nearly equal to the :total

en time ,of ,engine ,operation. ' - '

The nonstationary operating,-conditions- of, the combustion. - ;

chamber are studied in terms, of' values of parameters,- average, for -

the. entire chamber-, or by their, partilar values, which are,

cket changed in the internal volume of the chamber< both in, time and - ,

in space.

non- 'If we are guided by the values of parameters,, di-fferent T or

g ne, each -point of the volume of the chamber.,, but constant in timei then,
engine, 'the dynamics of the processes are reflected in, the fact that the

(pressures., rates of motion of liquid and gas masses, wi l be changed mainly

,ne lengthwise in the, combustion chanber.

Under actual conditions at cruise the dynamic processes lead

to a change of parameters both. in coordinates of the chamber and in

time for any cross section or point of the volume of the chamber. - ,

exit Therefore, for the study of-dynamic processes, even under so-called

as for steady conditions, it ,is necessary to enlist the system of differ-

ential equations in partial derivatives. In this case there are

i "
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observed low-frequency ,and highrfrequency oscillations. nce proczasses,

*ppoceeding at crui~se, are characterized by relativ-ly smal.l- cha; nges amount

iii parameters ,'therefore .here it i's sometimes possible to app.1vude

equa-ions 'In smia11 deviat-igns,, obtDained during liqjeari Zation oftmei

A~pr6Rrfate differential eq~uatio~ns. f n

T1
moeThe, change of parameters at 'the starting 6peration beArs- aatbw

omex character than during 'operati'on -of the, 'engihd at a ~b

druise. The average pressure in the chamber-,cianeies 'ivrom a, Certain

low pres~ure before starting to design', 'nomin~al, and considerab lepls

4cceleIhations of the motion of propellant components' nd coffbustion

products are observed, These processes proceed the most actively

in the initial per~od., from the momient of arrival o1' prope!Xant into

'the, chamber to lgni _I'on, during ignition and developmenjt of burning,

sbmeptimes "before the chamber establishes approximately 40r'1,0% .oc'

pressure. Af'ttr :this the pressure I-n 'the chamber increases somiewhat ~ e'-'

slower. 0'pr
their .
connect

Of large value in the organization of' processes at cruise
operati-on is the sensitivity of Ehe delay pteri6d to pressure and gto

the rate of ,hange of the component ratio. During the startingofpr
'P P their c

opoerat16n there Is fulfilled a series of commands, which cornplicatcz o 'he

theoperation of' the en~gine;
pump ur

The theoretical -anct experimental study of the dynamics of an ofl

intrachamber processes with respect to average values of pqrameter,:

Tfor 'thea whole- volume of the chamber 14s si-mpler,., but allows answiering T
realizz

only a limited circle of questions'. However, the average values. ,1 saff

C ~parameters of' the combustion chaiber at cruise aire not constant.ofsa

They are changed as a resul~t change of the engine thrust with mfedtum

altitude, Intensity of action of external forces, as a result of the

change of operatIng conditions of separate -units of the engine and t h
which d

change of the physicochenica. properties of the propellant components Thle 'bri

possibl

* rpm, 01
zation-
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-cesses, After closing the main fuel valves the feed -of the, calculated

amount 6f prbpellant components into the chamber is chased; However,
,under -the effect of-:a number of factors fora certain -period, of

time intothe combustion chamber there still::proceeds a smal!l amount

of one -6r both propellant components.

The period of shutdown, with consideration 6f the 'time of

afterburning of pro-ellant iS Called-the pebi~od of aftereffect.

It is characterized not only by an-average magnitude-6f pressureitain
pulse, but also by Its- cattering.;le

;tion
The, feed system

,into
The operation of the combdstifn chamber depends on the features

ing, of occurrence of processes in the units of the feed system. In

the first place, it is necessary to provide the-calculated valuesnewhat
of parameters of prop~llant components of a definite character of

-their change In timeat the inlet to the pumps and in the - ine,

connecting the tanks with the pumps. Here, just as during Investi-

d gation of combustion chambers, we are guided by the average values

of parameters of -the liquid, m6ving in the line, or we consider

gcates their change both in time and in terms of coordinates. The character

of these changes depends on ,the operating conditions of the turbo-

pump unit,, which takes away liquid components from -the fuel tanksf

and on their feed conditions to the pump inlets.

e ters
1-he operation of the -feed system is organized by means of the

uering
reaslzation of -various programs,. The gain of revolutions by thees of
shaft of the turbopump assembly, depends on the intensity of'occurrence

of startingcondition- of the starter and the generator of working

medium of the turbifie, and also on the resistance, being exhibited
of and 'to the turbine from the Pumps, and on the cyclogram of starting,and I I

Which determines the sequence of execution of separate operations.poonents.,- The brin ging of 1he turbopump unit to operating conditions is

possible -either -with monotonous rapid or rather slow rise of the

rpm, or in. tWo 6tages, when, there is noticeable a temporary stabili-

zation of the, rpm-,before arrival at the second,-main, stage.

FTD-MT- 2 -.Oi-74
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With a pressurized. 'feed system th -parameters of the liquid

,upon ~ekiting "the tank are deter'min~ed b y -the op0erating condit'Lons

of the pressurizing systemi and with, the specific character of Intra-

tank processes , which. depend in turn, Upon the conditions, -of 'heat

exchangezbetween the liquid' and gas, filling the-tank, or the

surrounding mediumn_, on 'the -intensity of mAss transfer between the,

liquid. and gas,j on -the character -of miotion, of iq~uid'in-the tank

and the actions disturbing the f low-.

'In the ~case of r apid starting because of the; ie'tia of the-

liquid, colum! -there is observed, a sharp lowering of pressure ,at the

pump inlet,, which is accompanied gometimes by cavitation, which

frequentl re~ads -to the disruption- of sta~rting.

In- the line,. ,connecting the tank with the pumqp,, there can,

appear wave processer, right up to 'a water 'hammer. The intensity of

the waves. depends< on the amfoUnt of -distu'rbing 'factors,, on the

elatstic pedull arities, of -the l~quid,, on the construction of the

line ~and on other factors.

The sourc~s of wave processes can be the turbopump unit,

aerodynamic loads 'ci the flight vehicle,, vibraitions of the combustion

pchamfber and so forth.

In this way the chamber and the propel-lant feed system operate

as a un~it. Therefore, the completion of research of nonstationary

conditions is the examination of the joint operation of' all units

of the power plant.
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CHA PTER 1V

QUESTIONS -OF,PROPELLAiNT BURNING

The conversion of ,propellant into-combustion products, occurs '

in the combustion-chamber. The propellant components can enter the

chamber in liquid or gaseous state. In the first case in the

beginning they are atomized, mixeds heated and are vaporized, after
which 'f1ollw the: chemical transformations into gaseous phase, as

a result giving a mixture of combustible gases , the composition of

which depends on their temperature and pressure. The entire complex

of these processes is the burning of proptllant. With arrival

Of propellants into the chamber in gaseous form the reactions of

interaction between components proceed faster.

In engines, ,made in the most widespread configuration, one of

the components enters the injectors from. the upper ,collecting tank

of the chamber injector assembly. The second compohent, passing

along the cooling duct.1:s directed to another collecting tank of

the trjector assembly and from there - to the injectors, However,

other schemes of feed of components are possible.

In the considered variant, when both components are in liquid,

phase,, the one used for external cooling is preheated in the cooling

duct, which facilitates improvement of burning process. When

developing the configuration of the engine it is expedient to provide

preheating of both components, but it is impossible to allow the

start of boiling of liquid before exiting the injectors.

FTD-NIT-24-01-712
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With the selected-tarrangement of injectors the configuration,

of collecting:tanis and the placing of stiffening ribs in them .

should- provide- uniform distribution of components between the

appropriate injectors. 'An exception is, the peripheral injectors,,

to which fuel is supplied for providing protection of the walls of

the upper part -of the chamber, i.e., the part adjacent tothe

injector assembly.

In the configuration with afterburnine to the injectors are

fed components ingaseous- form or one component in, gaseous, and

the other in liquid state. In both -cases lquidflows alone the
cooling duct. In the first case the liquid, -component from the 2.

cooling cavity, is directed to the generator, then in gaseous form - burning,

to the 'turbine of the [TNA:' (THA) turbopump assembly, and after this- (Fig. I.

to injectors. In the second case the liquid comonent, from the their te

coolingcavity enters the injectors and in the internal cavities

of bipropellant injectorsencgunters the second component, exiting

--,the turbine in gaseous form.

1.1. The-Process ,of Piovellant Burning
in the ZhRD Chamber

• 

Z .

The completeness of conversion of propellant into combustion

products depends on the state and-properties of components, conditions

of their inlet into the chamber, gas parameters in the chamber, heat

exchangebetween propellant and combustion-products, the specific

character of intrachamber processes and so forth.

Contemporary [ZhRD] OP) liquid-propellant rocket engines Let

are made in the following typical configurations. which ol

formatic

1. Open oofiguration (Fig., 1.1-) - both components enter nozzle.

the combustion chamber in liquid state. of const

we consJ
to imme

FTD-MT-24-01-71 3



' rj
6n ' Fig. 1.1. Open configuration of liqui'd-

- propellant rocket, engine "liquid-iquid":
1, 4 -t-aks; 'S- generator (miixer) f or
tank pressurization; 3 pressuiFzing throt-

C; ,-tle, 5 component feed valve; U - bipropel!-

of Ilant pump; 7 -gas generator; -8'-! cobustion
chamber with nozzle. 9 o-turbine of tur6o-pump assembly; --- ~mitnf lines; - -, p p-ainmby . ....---

additional- lines-.

'03

,2, Closed ookfioratiot. also called' dqiofikurationwith afterI
thj burning, when one, of the components (Fig.. 1,;2) o o-both domponents

(Fig. 1.3) after the turbine enter the chamber n.-gaseous- form;:

their temperature at the chamber inlet can-be -chansedin wide limits.
S

ting

Pig. 1.2. Closed, conifiguration of
liquid-propellant rocket-engine "liquid-
gas": I - centripetal -turbine ; 2 - bi-
]propellant gas- generator;-. - propellant

z .. , component flow rate regulaton; 4-
ion exhaust, tur-bojas (afterburiing) pipe.

nditions

heat

fie

Let us examine the processes, proceedilng n a combustion chamber,

which operates on liquid bipropeilant. Burning is completed by the

formation of gaseous products, Overflowing from the chamber into the

nozzle. The burning process is conditionas-ly divided into a number

of consecutive stages. However, if at any arbitrary moment of time

we consider the volume of the chamber entirely, then it is possible

to immediately Observe all the stages in it.

4
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Fig. 1.3. Closed
configuration of
liquid-propellant
rocket engine
gas-gas."

Thef irst- s8tage is at6mization of propellant components by

'injectors, which is characterized by fineness, by the homogeneity

of atomization and uniformity .of distribution of mixture along the

chamber and its cross sections. This depends on the exit character

of liquid from the injectors, interaction of the jet with gas medium

in the combustion chamber, theproperties of liquid and gas. As

a result, the jets are disintegrated with the formation of separate

drops, which during flight are distorted, continuously changing their The

shape. The separate drops are broken into finer; some of them when of the dr

encountering each other are either additionally broken, or merged, of liquid

moreover the drops being formed again can contain both components. atomizati

injectors

A number of forces participate in the appearihce of drops. the combu

Some - forces of surface tension and forces of viscosity - facilitate atomizatii

preservation of the shape of the jet and drops;' others - destroy

the jet, contribute to breaking down of drops. The J
distributl

The causes, destroying the jet, include turbulent pulsation of drops ano

particles of liquid in the flow, disturbances of different types in

the jet, caused, for example, by low-frequency oscillations of the

flow rate of component.

[5
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With the presehce of a swirl injector (fig. 1.4) the most

important factors, which lead to decompoition of the jet Qfilm),

are decrease of its thickness along the spray c6ne and the wavelike

character of motion of -liquid. Aerodynamic forces facilitate the

decomposition of flow; as a result ofr riction or-disturbances of

wave character these forces-separate particles of liquid from the

surface of film. These -forces, affecting the 'trontal surface of

drops, cause their breaking. In the presence of acoustic or low-

frequency oscillations there is observed iftensivebreaking down

under the action of pressure waves, addftional dynamic loads and

so frth.

Fig. I.A. ;Diagram of decompo-
sition -of liqui-d film: I'-
liquid; 2 - vapors; '3 -.liquid

,by £ film; 4 - start of disintegration
eity of film; ° - drops.

ng the -.. ...

aracter N

s medium

As

eparate

:ing their The fineness of atomization is determined by the average diameter

em when of the drop. 'The smaller the dropa, the faster the transformation

erged, of liquid phase into gaseous will be completed. The fineness of

nents, atomization depends -on the properties of components, the type of

injectors, pressure drop on the injectors, the density of gas in

ps. the combustion chamber, the character of motion of gas in the

acilitate atomization zone.

troy
The homogeneity of atomization is determined by the law of

distribution, which establishes the connection between the size of

tion of drops and their quantity. The sizes of all drops are limited to a

ypes in

of the
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'certain range. It ispossible to determine the 'smallest largest Und

and most characteri'stic averaged size of drops. accoidir

operatic

The uniformity-of distribution of the mixture through %he chamber- pressuri

section esSentially depends on the characteristic of injectors and The mot'

their mutual. location. on the injector assembly, No mtatter how the finenes.

injectors are arranged, how perfect the atomizati6n they provide, the cro

nevertheless along the chaMber section there will be observed a

definite nonuniformity of atomization, quantity of supplied component Th

and, as a consequence, nonuniformity of comonent ratio. Sometimes, the mas

,for the purpose of creation of a protective boundary layer, closer of liqu

to the walls is placed an additional -quantity of injectors Of some drops o

component, more often - fuel. the rel;

$aramie t"

The distribution of ,components in the boundary layer along

the combustion chamber depends upon the homogeneity of atomization Th

and the range of the Jet. The ,higher the heterogeneity and' the -convec

larger the maximim size of the drops, the greater the length of depends

the chamber that the transition -oI liquid, phase into +gaseous will but als

be observed. Depending on the laws of distribivtion of each 6f the compone,

components, which- will be -discussed below, the character of change fuel is

of the component ratio along the chamber will be determined. The ration

parameters, of injectors can be selected so that the burning zone

will be concentrated on a small section of the chamber length or Th,

will be stretched lengthwise; having combined swirl injectors of vapo

with spray, it is poisible 'to create several combustion zones in consist

the chamber. cloud a

convect

The structure of P-the zone of propellant preparation and combus- the clo

tion with the prescribed arrangement of injectors is determined by of ther

the character of decomposition of the jet, by distribution of drops

of components of' various sizes in the space of the combustion Du

chamber, which depends on the factors examined above, of comp,

f '7
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Fest Under conditions of transient processe" the atomization proceeds i
according to a ,more dbmplex scheme, inasmuch-asoduring the startifig-

operatiofi of thd engine the 'flow rate and; component ratio, and-,also

e chamber pressure, temperature and density ,of gas are changed with time.

3 and The miotion of liquid and gases 6ccursWitha9cele tion,, the

w the fineness of atomization, the distribution of masses of drops along

ide,, the cross section and length of the chamber are chaged wi-th time.
la

omPonent The second stage is characterized-by rise of temperaturp of

etimesi the mass of drop-and is finished with the start of vaporization

loser of liquid on its surface. The conditons of'heat exchange between,

some drops of components and, combustion products are- determined, by

the relative velodity of motion of the iiquid,properties and

parameters of combustibn products and liquids.

ng

.ation The transfer of heat occurs as a result of thermal conductivity,

'he convective and radiant heat exchange; the warming ,up of the drop

-of depends not only on the heat flow, directed from gases to the drop,.

will but also-,on the conditions of heat exchange, on properties of

f the components. The intensity of warming up of di ps of oxidizer and

,hange fuel is different, therefore the areas and the time of their prepa-

The ration for vaporization are different.

.one',

* or The third stage - vaporization of components. In the course

of vaporization of liquid around the drop there is formed a "cloud,"

in consisting of vapors of component. The heat exchange between the

cloud and products of burning is caused by thermal conductivity,

convection and by the flow of radiant energy. Heat transfer through

,combus- the cloud from products ofburning to the drop occurs as a result

ed by of thermal conductivity.

f drops

n During the second and third stages there occurs accumulation

of components in the chamber in liquid-state.

I
8 .1
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'WecThe fourth- stage is, characterized by the ther-mochemical decompo-
sition- of products. of vaporization and pelze hmilinectoncabr

P'. 'it *ich"
between. the formed products.thn he

IThe fifth stage - ignition,, which- can be cheicall in the Acase-
burning-'~of 'apjlicati6h of hypergo&lic, copoonients or thermal, when, at. least narl

one of- the components, enters the chamber, at, rather high -temperature..
Ppnoprlap!

the sixth- etag'e, is burning- of 'the, formed, -gaseous- prioducts. rVM,

In the most commnon form, the burning processes, -can -be descr~be& fijc
in the followingminr

Homogenous burning '~ the, burning of* componns hc r l h
part bf-A

in. gaseous state, 'Thi-s is typical for liquid-propellanit rocket poel
engines, where the propellant -burns up- after, transition from,
1iquid state into gaseousi -If preissure in the chamber is higher ps h
than criticil for both ~components, then as before there 41211 occur
homogeneous burning, inasmuch, as the misses Of both. components Bu
dif fuse, -into 'the miedium of combustion .products.

With 'the presence of a boundary'between the two, media,, Ior 'in this
g oxirzer,'changed.

example in the case, of' solid propelant and gaseous oiler tI~e
process is, called Ahoogeneousa.

lib ejat ei
- ' c6rnbusti,

Burning, proceeding at sinallR6y'noldls numbers of~gas. flow.,
is called Zaminar. In the combustion of liquid-propellanft rocket
engines the flow of gas is turbulent, therefore burhihg,is called-Ce

turulet. of nitfara

With smobth burning th e flame is, spread 'with; speed-,fzrom several 'products,

centimeters'to several tens of mneters peir secofid. In unds'ual dases,
detonation appear-s, at. which the rate of flame propagation reaches
several kilometer's per secon Id. mpst

* nozzle..

motion 6'

9'



kinetic and diffhsion burning. In the combustion
ecomo- chabers of liquid-propeliant rocket engines, diffusion'burning,

action
at which the rate of the chemicalreaction is, si.nificantly higher

than the rate of mixing is predominant. It appears with separate

feed of propellant 6omponents into the burning zone. Kineticcase . I ... .. ..
burning takes place when the propellantenters the burningzone in

an earliermixed form, for-example in engines, which operate on
monopr6pellant, or during the supply of both components in mixed

form-: moreover mixing can be carried out in the internal cavities

-of injectors.

Combustion Is complete-and incomplete. In'the ftist case

all the propellant burns up in the burning zone, i.e., In the upperre

et part ,6t the chamber In the second case a certain quantity of
propellant burns out at ,the appr6ach to the nozzle throat Or even

her past the throat. 4
occurc Burning can proceed with stoichiometric ratio between components

S
and with excess of fuel or oxidizer. In the combustion chambers of

liquid-propellant rocket engines there is provided excess of fuei;

or in this case the composition of combustion products i', somewhat

the changed in comparison with designed, the intensity of reactions of

dissociation is partially suppressed, the quantity of heat being

liberated in the chamber is increased and the temperature of

combustion products is somewhat lowered.
ow,

,cket
lied Chemical transformations bear a complex character. As a result

of initial reactions there are developed chains, which are developed

in parallel, are branched and finished by the formation of final

,several products,.

cases
The seventh stage characterizes the change of the chemical

Daches.
composition of the m..xture aldng the length of the chamber and

nozzle. This is *.aused by two factors. In the first place, during

motion of combustion products.the pressure and temperature are

10



continuously changed, which affects the intensity of occurrence of

chemical reactions* secondly, with the presence of a protective gas-lii

boundary layer the central nucleus of gases receives an additional

quantity of incomplete combustion-products. pecul±

1.2. Concise -Information.About the Operation
of InJectors

Injectors are selected so that they-provide the required S:

flow rate of components. The quality of the injectors is character- the ca

ized by the accuracy of fuil metering, the fineness of atomizAtion, in call

in certain cases the range of the jet, the angle of atomization, shape.

triturationof Jet, :bY the Jaw Of-distribution of drops with- respect larges

to their mass (or sizes.). connec

'compon,

The arrangement of injectors on the-injector assembly should radius

provide distributionof flow rate and ratio of-components prescribed

by results of experiments or calculation,, along the cross section, A

and length of the chamber, the required excess of fuel near the spray

wall for its protection from overheating, protection of the inter-

injector space of the injector assembly from overheating, weakening

of the dynamic connection between intrachamber space and hydraulic,

ducts, the creation-of condft-ions of propellant combustion, at which
of vor

the parameters of flow-frequendy andigh-frequency oscilationso

in the chamber will be in permissible rimits.

During engine starting the injectors should create,'the required radius

increase of propellant flow rate and exclude the appearance of thickn

unusual phenomena in the combustion chamber (for example, high- at the

frequency acoustic oscillations).

With shutdown of the engine there should not be observed leak

of propellant from injectors and the hydraulic areas of the chamber; where

this facilitates the uniformity of shutdown of engines and decrease

of scattering of the period of aftereffect.

i11



fIn modern engines there are used swirl,, spray, composite, i

gas-liqutid and doublet nozzles.

nal,
In this.6paragraph -there will be examined only some of the

peculiarities of operation of inJeotors..

Determination of characteristic sizes of drops

Sizes and shapes of drops, being formed into drop's of jets in

acter- the case of application of liquid injectors, are various. Usually

tion, in calculations we are ,conditionally guided by drops of spherical

n, shape. We consider drops ,with the smallest radius rmin and the

espect largest rmax' we find the law of distribution, establishingthe

connection between size r and number n of drops in a portion of

component per second, we determine the average rcp value of the

uld radius of drop.

cribed,

ion At the injector exit the initial thickness of the film of

e spray cone

ter-

ening

aulic
tawich where r6 - radius of outlet opening of the injector; rs - radiust which of votU

ofvortex.
ons

In proportion to the distance from the nozzle exit section the
quired radius of the cross section of the spray cone is increased, and the
f thickness of the film is decreased. By the equation of continuity

at the injector exit flow rate

G = ANr- Q.CO,( .

Sleak

hamber; where CO - efflux velocity of liquid from the injector.

crease

12
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if wcl
By using the theory of swirl injector, we find,

"APP + C;X

L( t+ -- I (1.2) if 32000

where Ap the pressure drop 6n the injector; p, - the density of

liquid; C - inlet velocity of injector.. The flow coefficient In
BX inny se.

disintegr

A- (1.3)

The geometric characteristic of the inj'ector where

formula
I .,r,_, ( 1

where, R - the radius of turbulence chamber; ! - radius of the inlet

opening of injector; i - the number of inlet openings; B - angle
ax

between the direction of inlet channel and the axis of the nozzle.
When 6 b

The loading factor of injector exit section and the

The main geometric characteristic and the loading factor allowing

for forces of friction are connected by relationship Fig

a swirl

A ---. .i iz(I -- , designat
f ysection

where

- coefficient of friction.

13
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If We do not consider friction, then f = 1. -When Re < 32,000

Re@* I
1.2)

if 32,000 Re < 60,000, then

, 85.103a

of

In any section of the spray cone, but ,even before the start of

disintegration of flow, the flow rate of liquid

1.3)(1.6)

where r - radius of current cone cross section. By simplifying

formula (1.2) and considering C - C0 , we find

(1(1.7)

le inlet 
2r

angle
zzle.

When 6 becomes rather small, disintegration of the cone sets in,

and the forming of drops is begun. Half the spray cone angle

a=arctg .(1.8)

wing

Figure 1.5 shows the calculated relationship of parameters of

a swirl injector to its geometric characteristic [2). If we

designate the distance from the injector section to the examined

section through x, then

r,08, xtg -.

(1.5)
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-
i Fig. 1.5. Calculated relationship of

.5 too parameters of swirl nozzle* to ies
.geometric characteristic.

42 I
4' ~ Dand t

o 1 q 8 A

In actualitj the efflux process of liquid from injector should

be described by more complex equations, especially if we take into where

account the effect of back pressure and heat flows, directed from - t

the chamber into the region of location of injectors.

Therje are experimentally established the relationship of the Berno

character of liquid efflux to the parameter of injectors and intra-

chamber processes; they are represented in the form of charts or
tab) es.

The liquid, flowing from the injector, ejects vapors rrom the where

center section of the injector and from ,the space between the injector.

As a result of the decrease in pressure there appears the flow of

gases and liquid particles from tle chamber to the injector assembly (I.ii

and into the injector (Fig. 1.6).

Possible layer of liquid where

lFig. 1.6. Diagram of motion of

' . liquid particles from the burning
zone to the wall of injector assem-
bly () and into the internal cavi-
ties of inj'ectors (2).

the i
There exist several approximate methods of determining the

characteristics of atomization.

15



The average diameter of drops at the moment of their formation
is determined ~by the equality ofa urtace tension

and the dynamic pressure of the-ymediumf

pa-gIC-W)',(1.10)

houid
into where 0.1- the density of gas-;air mixture in the combustion chamber;

from W-the fl1ow velocity of gas.

Hence, with a number of assumptions with consideration of

the Bernoulli equation we findI
iritra- ~4ia QE

or (1.11) I
mi the where -coordination c'oefficient; -o, surface tension of liquid.

a~. Having multiplied and divided the right side of expression

w ofbl (1.11) by 66, we obtain

roP48~ Q' (1.12)

where Weber criterion

1oP (1.13)

the initial thickness of film
the

80= (1.14)
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For detl

Some authors recommend determining the median radius rm ofrexorinet
M ~ examine

a drop, i.e., the radius, which separates, all the, drops into two• • ..... is abse
parts equal in mass which corresponds to condition

ponds, t

the lar
W 01trl=2 -A rol. (I i15)

"0 :afn "0 x

For the approximate determination of median radius it is possible where

to recommend the, following formula: connect

Th

'om r, Q~ ,/ ¥2A4QlrcCo (1.16) viscosi
will de

where n - coefficient of dynamic viscosity, of liquid.

The decomposition of the Jet is determined',by fluctuations'

of' the liquid in turbulent flow, and there subsequently occur both Wil

additional breakdown and connection of dropsduring collisions, will be

caused by the action of aerodynamic forces. The sizes of drops the iiqt

are determined by the energy of turbulent fluctuations in the means ti

liquid, being consumed on overcoming the forces of surface tension

and forces of viscosity. Here as criterion it is possible to take

the ratio of surface forces to forces of inertia:

,__ By unit

2o.Pro nm losses

The decomposition should depend on the viscosity of liquid,

therefore as the second criterion we take
we arrij

Z2-

The effect of aerodynamic forces is considered by criterion

17
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For determination o 'the connection .between these criteria let us

examine the characteristic boundary ionditions. If surface tension
r~wo

is absent,, i.e., a. 0, then a drop cannot be shaped, which corres-

ponds to conditlon O -.0. The lower t the efflux velocity of liquid,

the larger is the size of drops. Thus,. we can write that

)?54 2

where coefficient al and exponent n, determine the Intensity ofible, ,connection between parameters.

The drops are formed even when the liquid does not possess

(I1.16) viscosity, i.e., when n-= 0. In this instance dimension r0 max

will depend on complex

ns

'both With outflow into absolute vacuum, i.e., when 0 H 0, drops

will be formed, and increase in the density of medium, into which

DS the liquid flows, will lead to decrease in the size of drops., This

means that r, max depends on complex

.nsion
,take (i' 2Qrn

,By uniting all three actions and taking into account that hydraulic
losses on the injectors

uid, 
, 2

we arrive at relationship

2!

rnon ro,4 pa( )\ (i+ .-'" I ( 2Q, (1.17)
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The treatment Of experimental data, provided by ,various authors, Hy

allows us to recommehd the following limits of possible changes,:

o6V-0<s<. _N ,<1;,Ofo5<<,o.,n3P, .

During research and,'development of new specimens usually the values where

of coefficient a and the exponents in equation (1.17) are experi- condit. .. .. . in the .
mentally refined. ft

'Basic equations of efflux o'f liquid
from spray injectors

were.
If through a spray injector liquid is fed-to the ,combustion 

vied

chamber, to, the-generator or to another cavity, then in accordan6t• with the equation Of continuity the flow ratecovr

G- CUQU, (1.18)I

where the cross-sectional area of 4iquid flow where 4

4.-F.Ur

Here c - compression factor',of the jet, F - cross-sectional area

of injector channel.

In a duct of complex shape F - f(Z). In injection channels

the value of the compression factor can be changed from one to

a certain quantity c < 1; with sufficient extent of the channel

the coefficient c is first decreased, then again increased and can

reach the previous Value c a 1. During further motion of liquid

along the channel the value of v r 1, as a rule, is retained. In

areas of the channel where c < 1, the vapor pressure p. is less

than the 'inlif-preaure. o,the injector p1 and pressure P2 in-thewhr
cavity, into which the liquid fl6s,. subatit

1.18,

19



hors,, Hydraulic losses ifmthe injector -are-dermined by kno*n formula

where C the resistance-c6efridient. With norastationaryoprtn
xperi- hothe o 4,f cb-eva hof enrg for mqi- ovingj

in the- flow, -area, -of the injector,,will ~be,-written so:

Where.- mass of liquid in'the injector. By substituting-the I
value of 'Ap from equality (l. 19) in eXpresion-(1.20), after-

ordanceconversions we obtain

where *-the, velocity coefficient.,

Under' nonsteady operating conditions,

area

nnels
to

nne 1and in steadied state ,

and can

-n .0, (1.23)
d. In .

less *
intewhere Z ' provided, value. of the length of injection chiannel. By

substitutling -tl~e value of velocity 'from formula 1.21 in equation,
-iA-i8, W' find

S * * C4
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2. 'A ),4 .2:

whr 'teAef~etsse .

I ,, tons

The cA T

The~~~~~~~~~~~ ~ ~ ~ ~ ~ ~ exmndrltosis riutbeee- o cluaino orso

gas-sp inj~coriiinThece flux

f hrem inhecr aflow oefcienatiizd Ia -wtsowstbv, ymidefei

coursesalulti.*of , crrespoi

gas-pa inarector. -Q e e~llffliqui cniinshhnl of digMeu Ia eult
* j frm njctrs rechra pr'iesencea show abo,,*rveur bas cVoffiit '

, cylandr8 icsh ar e~emr ineinntlyr whee tlisisTh

-gated by P. N. 'Sfov [83].1 It -4as shown :that the flow ri~te of liquid--~bna

frbm - he injector is. characterIzed by, ratio p21/p1 and' is determined piroblem i

by hedifernc o p2 -~p 2 or p, - pc depenaing on. the, 4uartity "lilidc

o1 criterion S. Moreoveir of 36t-.
the optip

, ined', th,-

A *tP2 
K. U

*udep'ends, c
where.#2 velocity' coefficift, calculated:- in, terms, of :parameters,
at the injector exit.; i - resistahee dcoefficieht, for thepato *

the channel where contraction oT flow is 'observed. ar 0o*e

Some iniformation-about thv'oper~tion of antos' ti
I g~sLi1quid Injectorsaco' f

-'~~ ** aspect .

In engined wi~th-a'tterbudrning of gas,. exhausted- in, the, turbo- ~

*pump 4ssenb1y turbine, Tn the main combustion chamber-are applied,- Wt

ihs-:liquid injectors or injeqtors feing both- componenits into the Of unstat

chamber in -gaseous t orm. The first type of nozzlebs received 'the* size of
have- tin~

A 21.



J
(l.2~~)greatest :application. Here as a rule, the oxidizer- Pr6ceeds frome

the turbln6 -in gasebus -state, and -liquid fuel is-supplied to,

'Inject'ors, -m- the coolant passage cilf the chamber. 'Sdch an injection
system. is pdossible to caoply in engines, which devellop tens of

(l.25~ ~ tons of thrust at *bhaxnber pressure on the order of 10.,0-20-.0 M!N/rn?

Tlhe cbnfiguratio,. which ~provides the gasification of both -comonents,

f cor'responds to engines with thrust several hundreds of tons and at
chamber 'pressure exceeding 20. 0' MN/rn2

i~dient
1s, The question of decompoiltion of a jet was examined for the

.ingfirst time in' 1878 byRayle~{gh. lie considered that' a liquid jet
'.presents 'a cylinder of infinite -length, which the -environmhent

does not affect. During solution it was also proposed that as

a result of the development 'of wave processes, from the jet are

resti'- separated drops,, the size of which depenids on 'the wavelength.

liquid From all the disturbaices one, "optimum," wave was~ separated.- The

nnined 'Problem was solved by the methbdL of small disturbances. The
'amplitude of oscillat ,ions was small in comparison with the diameter

of jet. It was assumed that in'the nonlinear area'the length of

the optimuin wave is retained, (Rayleigh hypothesis). It was deter-

mined that long-wave oscillations are' unstable.
('1. 26)

K. Weber established that the development of instability -

etersdepends on the relative efflux velocity of liquid.
et-. o

On a sheet, when it has not been broken, two types of waves

are observed.' T he- first type of waves separates the conical sheet
int'o a system of rings; the second type is directed tangerntially-,

across the motion,, and -sepdrates the rings into jets. As a result

a spectrum of drops 'of 'Various sizes is formed-s

rb o-
11-edWilth the increase of the relative efflux velocity the wavelength

b the of unstahle disturbance is re'duced, wh-ich leads to decrease in the

the, size of drops. At rather- high velocities before the ring will

h~time to."be shaped a flow of the finest drops -is formed. This

22
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condition is characteristic for modern, gas-liquid inject6rs. The

formed drops are additionally, broken down in a gas flow. M. S. the i41
Volynskiy- establishedthat the breakdownof rather course drops to cha

is evaluated With the aid of deformation -criterion [75] after

the int
D- =d (1.27)

RL

wherei- , Wr -density and velocity of gas; d,, aK - diameter of

drop and coefficient of surface tenslon. with ba

The behavior of the drop depending on the deformation criterion At

is illustrated-in the following manner: D , 10.7 - the drop is observe

deformed; D = 10.7 - 10-20% of drops are split; D 1 l0.7-14 - the

percentage o. &ops being disintegrated increases;'frm one-drop Th

there aaio.' nored several, often 3-5 drops; D > 14 - all drops are in the'

crushed'intn' many fine ones. by dec

To the values of critical phase of deformationat the lower

and upper stability limits correspond DH a 10.7 and Ds = 14. the f 10
According to M. S. Volynskiy the breakdown of drops, being absorbed jet on

by gas flow, depends on the criterion of deformation and is described

by the equation, which is obtained as a result of equating,mass and Du!

aerodynamic forces together. the ear

with tb

For every liquid it is possible to determine such a diameter *Nim'

of drop dmin which drops with diameter d < dmin will not be broken

down by gas flow. The smaller the diameter of drop, which fell into Du

flow, the greater is its acceleration and the less its deformation is esta

under action ot flow. istic A

injecto
flows,

Some peculiarities of operation of injectors in is acc
liquid-propellant rocket engines is assu

of gas'
The existing theoryd of injectors is constructed under the

assumption of efflux of liquid from injectors into a medium, which

23



The

possesses normal pressure and temperature. Under ,actual conditions

the liquid-enters dense and highly heated gas. This leads-not only

p to change in the character of atomizatlon of liquid and its preheating

after outflow, but also to the appearance of specific processes in

the internal cavity of the injector.

(1.27)
Research on the determination of flow characteristics of spray,

-of spray-swirl and swirl injectors with effluxof liquid into a medium

with back pressure showed the following.

riterion At the efflux of liquid through a spray injector there can be

is observed stall and.zstall-free operating conditions .

the

Irop The, reason for stall involves the development of cavftation

Sare in the nozzle of injector. Stall flow condition is characterized

by decrease of the flowcoefficient.

ower In conditions of stall-free flow with increase of back pressure

the flow rate increase because of the ejection action of the liquid

bsorbed jet on. gas in the turbulence cavity of the injector.

Jescribed

ass and During the study of spray-screw injectors there, is detected

the earlier unobserved phenomenon of adhesion of the spray cone

with the central liquid jet with back pressure of air more than 0.2

neter 4N/m 2 "

broken

ell into During hydraulic pressure drop tests of swirl injectors it

is established that for injectors with small geometric character-,mation

istic A < 1 at certain relationships between pressure drop on the

injector Ap, and pressure p. of the medium, into which the liquid

flows, there is possible the disappearance of the gas vortex, which

is accompanied by an abrupt change of the flow coefficient. It

is assumed that the reason for this phenomenon involves the ejection

of gas by liquid from the internal cavity of the injector.

he
which
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on the g&
Analysis of experimefital data and visu&l observations showed

that the ,main factors, which affect the, disapp anance of the gas rarefact

vortex, which is accompanied 'by intermittent change of the flow coipar$'s

coefficient, are not only the mentioned parameters, but also the

properties of liquid and the construction of the injector, especially, The

the lefigth of its nozzle: decrease
increase

Tests of transparent models of swirl injectors with geometric gas dens'

characteristics A 1 permitted observing the filling of the cavity ejection

of vortex with liquid, i.e., the disappearance of'gas vortex. Thus, chamber

for *nstance, for a swirl nozzle with A = 0.69 the gas vortex which Mo

disappeared when Ape = 0.4 MN/m2 and pK = 3.0 MN/m2 , and for the liqu

op$ - 0.8 MN/m and Ap, = 1.2 MN/m 2 - when PK = 2.0 MN/I 2M. injector
-~ in the di

The hydraulic pressure drop- test of these injectors as a group angle o

showed that filling of the gas cavity by liquid and abrupt change With Inc

of the flow coefficient occur considerably eariier (at achievement the comb

of pK = 0.2-0.6 MN/m2 andAp. = 0.15-0.25 MN/m 2 ) and do not depend

on the length of the nozzle. Injeor

This fact is an essential argument of the ,fact that the On t

determining conditions for the disappearance of gas vortex are volume ofi

conditions in tne injection chamber (pressure chamber) behind the of separ,

nozzle section of injectors. of the

gas vort.

By experiments on a single injector with hydraulic pressure cavity, Is

drop test it is established that pressure in the vortex cavity, is forme(

filled with ]iquid, is less than pressure in the main flow. Further- screw in.

more, as measurements along the axis of the injector showed, moves tow

press'ure is reduced from the edge of the injector to its bottom. injector

'The presence of rarefaction facilitates -the creation of the flow of exchange

liquid, which flows inside the injector, toward the main flow. There

was advanced the hypothesis about the presence in a swirl injector, Iigu

operating in a gas medium, of gas-liquiq counter flow, which appears pO = 1.A

in view of the ejecting action of liquid flowing from the injector when Ap,
the vorte

a liquid
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ed. on the ,gas vortex. The ejection of gas leads to the appearance Of

rarefaction in the injector cavity (in the turbulence chamber) in

comparlson with pressure'in the injection chamber.

e
eal The:ejecting power of the flow of liquid is increased withcially,,

decrease of the geometric'characteristic of the injector, with

increase of the developed pressure drop and'with increase of the

gas density, i.e., increase of back pressure. With increase ofric

vity ejection the pres'sure drop between the vortex cavity And the pressure

Thus, chamber is increased, as a result of which a flow of gas is formed,

which moves from the injection chamber inside 'the injector, seizing
the liquid in its path. and carrying it. into the cavity of the

injector. This gas-liquid flow,, moving inside the injector, rotates

in the direction of rotation of themain flow. Simultaneously the

angle of spray cone is decreased, and-its trituration is increased.:rout)
ige With increase of pressure in the pressure chamber, which simulates

ent the combustion chamber during experiments, the size of the gA6 vortex

end is reduced, and at pressure above PK = 50 MN/m 2 the cavity of the

injector is filled up with liquid.

On the injector edge in this case there is observed a small

volume of gas, which fluctuates with high frequency. As a result

the of separation of liquid from the gas-liquid flow the radial size

of the gas vortex is reuuced, and there comes a moment when the,

gas vortex is intersection by a liquid bridge and the.,whole vortex

cavity is filled up with liquid. At 16w values of-Ap, this bridge

is formed at the bottom of the swirl injector on the worm of a

urther- screw injector. With increase of the pressure drop the bridge

moves toward the nozzle. After its formation the vortex inside the

M. injector is divided into two gas volumes, between which an intensive

w of exchange occurs, and the gas vortex highly fluctuates.

There

otor, Figure 1.7a shows the operation of the injector with drop

ppears Apo = 1.2 MN/m 2 and back pressure PK = 0.1 MN/m2; Fig. 1.7b--

ctor when Ap,= 1.2 IMN/m and a 3.0 MN/m 2 . One can well see that

the vortex was divided into two parts and between them was formed

a liquid bridge.
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Fig. 1.7. The flame of atomi- are
zation of injectors, operating
under various conditions.

On Fig. 1.7c there is seen the operationof the inj'ector pres2 2abru
when Ap, 0.1 MN/m2 and pK - 0.1 MN/m2. sb

K isb

test
Here the gas vortex occupies almost the entire visible volume. I

2'the
With the same pressure drop, but when - 5.0 MN/m2 (Fig. tha

l.7d) the gas vortex moves toward the injector exit section. bea
beca

As a result of the effect of ejection there appear gas flows, by g

directed from the chamber to the injector assembly. The presence

of such countercurrents was indicated at one time by M. V. Mel'nikov.

There is experimentally shown the possibility of transfer of liquid

particles by the shown gas flows. 
plac
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For confirmation of the advanced, hypothesis about the mechanism

of disappearance of gas vortex special experiments were conducted.

It was assumed that if the spray cone will -not be changed (is sta-

bilized), .then-there will not be conditions for seizure of drops

by gas counterflow4 During tests of injectors with stabilized

spray angle there should not be observed phenomena, which lead to,

the disappearanbe, of' vortex.

The experiment, conducted with-special adapters for the

Injector, ,confirmed this position. 'On the device- a model of an

injector with geometric characteristic A i 0.69 was investigated.

The model has a profiled surface, because of which-the cone angle

of the injector is not changed. Thie-experiments showed that under,

any conditions with, respect to Ap, and PK the vortex does not

disappear, 'although a gas counterflow exists. Besides this, with

the-presenceof a profiledsurface of pressure drop, as the experi-

ments of V. V. Logushkov showed, the conditions of protection of

chamber walls and injector assembly from the action of heat flows

are improved.

Returning to the earlier described experiment of hydraulic

pressure drop test of injectors with A < i, it can 'be said that the

abrupt change of the flow coefficient for the group of injectcirs

is begun at smaller Ap, and pK than with hydraulic pressure drop

volume. test of a single injector. This is explained by the mutual penetra-

tion of spray cones, as a result of which the quantity of liquid in

ig. the gas counterfiow sharply increases. Thereby it was established

that the disappearance of gas vortex for swirl injectors occurs

because of filling of the cavity of gas vortex by liquid, introduced

flows, by gas-liquid counterflow from the injection chamber, and not by
flows, liquid supplied to the injector through tangential channels.
sence
el 'nikov.

Hydraulic pressure drop tests of the group of injectoirs,liquid placed in the injector assembly, showed that their flow coefficient
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is somewhat-greater than during a single test (by 1-3%),. moreover

the higher-the geomntric characteristic, the smaller is this

difference. For injectors with- A < 1 the "sudden changes" of fT61 Here r

rate, connected with the disappearance of vortex, are displaced coordi

toward low6r pressures and gas densities in the pressure chamber.

An X-ray photograph ot. atomization .of several injectors-, piace.

in an injVector, showed that their spray angles are changed insigni- where

ficantly in comparison with the spray angles measured during o the

hydraulic pressure .drop test of singly operating injectors. 'Maxwell

The insIgnificance of the action of sdrrounding injectors on

the spray cone angle of the investigated injector is explained by

the approximnate equality of the ejecting action on the part of where
internal ano external cavities, surrouhding the spray cone of the With t

injectors. geometr

Gauss 1

1.3. Laws of Distribution

Wi

In a rat.her general form the law of distribution of the

quantity of drops with respect to the values of their mass can be

written so:

-. ,o =No c~xp (--?m)o=fno). (1.28) During c
S 0N. Tresl

of parti

where, N- the normalizing factor, which chaiacterizes the flow rate k, I, v i

of drops per second: the stat

drops, b
No n ,After d

NO fo(mo)dmo (1.29)

p, k,%, - parameters chara~terizing the law of distribution; no

number of drops being formed per second; m0 - mass of drop after

completion of the process of division, but before the beginning
of its vaporization or diffusion into combustion products: The

from m0

f29

.. . .



4

,ver ,=-

fHere - characteristic dimension of the drop, moreover the

3d' coordination coefficient

)er. I'i

placed-"%;laned were r - radius of spherical, drop, the mass of which is equal
signi-

to the mass of the considered drop. If distribution complys with

. , Maxw ell law with- tw6-dimensional initial dispersion, 'then,

d by 2~~=-*v=2,I

s nNO '' k=11; -- !  --2 ,
on o4

.d by

the here PO mean square deviation of circular Gaussian dispersion.
With two-dimensional initial dispersion the random-quantity is the

geometric sum of the other two random quantities, subordinate to

Gauss, law.

With three-dimensional initial dispersion

~n be A /%.~ i
__] . k -; v=2.

(i.28) During calculation ofengines we frequently use the formula of

N. Tresh, for which k = -3; v=-; B ̂  0.2. During investigation

of iparticular specimens the law of distribution orparameters

low rate k, p, v in formula (1.28) should be found by, results of processing

$the statistical data. For determinations of the overall number of

drops, being formed in a unit of time, we use equation (1.28).

After division of variables and integration we find
(1.29)

no= No mkexp(-pmo)dm°. (1.30)
0 -- M tnl

- fter

ning
The values, obtained with integration from 0 to m0 min and

from m0 max to , are commensurable with the error, which appears
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as a result of the inaccurate deterrinnation of exponents k, v and . The

Thi-rfore, instead of formula (1.30 Y it is possible to use formula section

of injeci

4 -V mke x p(-md in. (1 31) 'the law

~Forl
The flow rate of liquid is determined by the product of'tie .to axis

number of drops by their mass. By introducing the expression Of

miiat3 under the integral sign, we obtain-:

G(O)= No- i,:' exp,(---5n,)dm,,.

where a

If the time the drops stay in the chamber before the beginninj As

of vaporization i is known, then the quantity of liquid-, which is of liqui

in the chamber in the vaporization preparation stage, will be, and mixi

mass of

aO)dt.: (1.33) The"

be

The total number of drops, located in the chamber in -the vaporization

preparation stage

- (0)T
, .a _ (1 .34)

where G.

secondary

where in0 cp - average value -of initial mass of drop.

Let

With the aid of the chaft of function (1.23) it is possible to so:

,Judg6 the fineness and homogeneity of atomization. The smaller

max is,, the finer the atomization. The closer the value ofj m0 max is to m0 min' the more uniform the atomizatioh.
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(3 ~The uniformity of'distribution of component alongt the- cross

]a section and alo'ng the length .of tole chamber. 1epends 'on the. number
of injectors of, the- injector, assembiyl their arrrngement an'd-on,

'I)the law of-distribUtion, of drops j created by one, injector.4

For, a Unit of time throuigh' area dgds,, lo~ated perpenidicu'la

to axis aii the elementary' flow rate from one 'injector will be 117) ;

'2J

.32)where a -half the spray conie angle. I
ing As'a result of the intersection of spray cOnes And, encounter

isof liquid flows there are formed secondary sources of' atomisikt ion
~and-mixig, moreover around the axis of 'the -secondary, source the

mass of components is distributed by normal~ lawi.

.33) 'The quant'ity' of' liquid, failing on the elementary ~area, will

be '

ation,

1.1)wherf. 0. experimhentally <,determined ~flow rate of liqui~d from the-

seco'ndary suc-

Let us-write the'values-of functions' 6f density'of di.s1ribution

e to so:

,,p~~~~y)=~ 3 S. # 7

YTX exg 2ga 2,2 'r2

-.), 3

2'i tga1 2
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al th inetr',, r -ky hcr

"k -r -duq

-G 'dy x---'-. o-

_j I. a

By usBygufou mult e J.alues fo r fuic izons wiidothenl-for-(u.37)Itaid

posbl. e oesalshhn wro dJ.st6i fbm rateh of' th r ough *Ai

ail the i rnetos

Kcxmyozez=
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and, 1.,4. Hearing of a Drop to :the Beginning of
Vaporization of Liquid

irough

Under the effect of heat flow, directed from combustion

products, the mass of the drop 'is warmed up. Let us examine the

period of time, when the surface layer of the drop reaches the

boiling point, which corresponds to the prescribed pressure in

the chamjber.

For determination of the character of distribution of temper-

ature- along the, radius of drop and in time we should use theit is !,
differentia'l equation of thermal conductivity, which ih-spherical,nt ratio
coordinates has the form j

j-'r,r(r,hl=a. -r,T(rgt)l, (.1
(1i. 40) 0• ar2 ( .1

of where a- coefficient of thermal conductivity of liquid, -more6ver

)n of

i cases

-ted,

and At the initial momezit of time the temperature of liquid in.

,oms; the drop at' any distance from the center of mass is constant and

)ossesses is equal to a certain prescribed temperature T 0 , i.e.,

loto-

Aruments T(r,,O) =T (1.42)

Heat flow q supplied to the surface of the drop is completely
Ld transferred to liquid; this condition is written so:

i ow

)f liquid q=x I [T(r,,t)], (1.143)

pressure

)sure- where r - radius of external surface of the di'op.

will H

is leads to

t' the.
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For a- spherical drop according to conditiohs of symm, e:ry, of The
warming and distiibution of te*mperatures along the radius is finish,

of oilin

r[(O O (1.1) of time c

Such are the tboundary conditions of the problem. The solution

of differential 6quation (1.41) at initial (1.42) and boundary

(1.43) and (1.44) conditions has the form [59] by substil

T(r.t=T.o7q &.2-5i equality
T .ri~=~ =. A . d  mate detejLr I 1Or.,

-r (1.45)
2 r~sN

- 2 . exp - 4
Co P.

where 1n- the roots of characteristic equation, moreover, if

Biot criterion Bi - 0, then l = 0.000;, P2 ' J.4931; p3 = 7.7253; terms and

P4  = 10."9041,; 5 = 14.0662; u6 = 17.2208. With increase of Blot tepacitydi
criterion the numerical vblues of roots are increased [59]. capacity

For c

For determination of the temperature of liquid on the surface ir

of the drop in expression (1.45) instead of the current value of

r one should substitute the radius of the external surface r . In it is s

this case We obtain

r2 3 2) (1.46)
Here

At large values of Fourier number

Fo= (1.47)
where C-

series (1.46) converges rapidly. circumflow
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The heating pe.loo of the drop- to the ber.nnin, al' va6rivzitIon

Is -finished at moment or time -r which corresponds t achlvement

of boiling point T bV the surface of the dirop.. To 'thls .o:ont

oC time :corresponds condition

(r,,,vs)=( 8)
tion

By substituting In-equation (1.46:) j instead of t and .considerlnp->

equality, (1.48),, .the Value of -r is, found graphically. For approxi-

mate determination of the value of r* let us use formula

•.45) -4

53;, where, c - the coefficient, donsidering,'the effect of discarded

t terms and unconsidered factors of heat exchange; o -. the heat

capacity of liquid.

For determination, of heat flow from combustion products to

liquid in the periodi with still .no mass removal from the drop,

In it is possible to use formula

q= .A.. 0 146,3 ReO. PrOX) 1K _ T,.8). (150)

rP.

1.46)

Here

Re lw:Clr,,,(1 .51)

'1.47)
where C,- velocity of motion of drop; W -velocity of gas flow,

circumflowing the drop;

Pr=JL-K-11¢-
36- , (1.52)

36, 1
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- temperature of ras I,- 'tl combustion chamber in, the regior,

of preheating of liquid prbope!lant; X. - coefficient of thermal

conducuivlty ,of drop.

The

if 200 < Re < 3000, then according t6 D. 'N. ,Vyrubov characte

• q , (1.53)

Now instea , of' relationship (i. 49) we will h-ave a relatiohsh.p where B

which allows approximately determining the time moreoved

For determination of i at conditions there are widely used theS w here q
recommendation s given in r48.e

diffusil

For determination oIf 2 one should, use the results of processing

experimrental .zata or tormula 115] The

The Pran(

where (T,,)(,, - the boiling point at pressure p = 1;. R- gas

constant.

maien using formula (1.54) the greatest difficulties appear

when determining the gas parameter in the preheating region of

drops. Some experiments give T = 800-12000 K. Considering the At large

presence of countercurrents in the region of the injector assembly, in this

on the average' we obtain IW-CJ = 20-50 m/s.

For all practical purposes the numerical values of parameters

should be determined, by calculation and by experiment for each

separate case.
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1.5. Change of the Macz of Drop in the. Period-of Its Vaporlzation..

The mass transfer between drops' and-gaseous products is

characterized by equation

(1.53) Nu-- B(2+0,6 Re.s Pri), (1,.56)

Y'Ship where B -- proportionality factor; NuA -Nusselt diffusion crltelion,.

moreover

qmr.

(1.57)

1/
where q - specific flow of mass from the surface of drop; D -

-di ffusion coefficient. I
ocessing

The Reynolds number

(15 )Re=2 -I-.CIr', (1.58) i

(1.55) V

The Prandtl diffusion criterion

'

r

At large Re numbers the addend in formula (1"56) can be disregarded,e

mbly, in this case ,we obtain

ters 0,425BDpo -!lW-Cl (1.60)
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The mass of' drop 'The eqi
by, usi3

'specific flow bf' mass wir

(1..62)

consequiently.,

Eli

,By equating expressions (1.60) and (1.63Y, after division of' In hi,

variables we find

-r.5r=,2B 0 ItT-Cl dt (1.6,))

By dizz

By integrating the left side-~from rto rand the right side from

0 to t, we obtain

r. (ro"u-AI; (1.65)

whereThe spe

~,638 Bt.DM 1W-C1 (1.66)
Ong L __.'

By equa

convers
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The equation-of law of change of the mass of drop ,can be obtained-

by using a criterial equation in, the form

C1l.61)"
Num-2+0,6ROPrOks, ( .67)

-where

C1 62) iqui"--." (1.68)' %

Re=2 - (1.69)

;(1.63) Pr-- !&l (1 .70)

of o

of Ifi this case the heat flow from gases to the drop 4

q=-(2+0,6 ReUm P)(T T,). (1 .7i)

(1.64)

By disregarding the addend in expression (1.71), we find

side from

0, V IW--C1 (TT,)P,. (1.72)

(1.65) 
VIC

The specific ,heat flow, consumed in vaporization of the drop,

q- •(1.73)
en, di

(1.66),

By equating expressions (1.72) and (1.73), after integration and
conversions we obtain
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The co(1-74)experi,

where for a drop, already preheated to,'T s,

t9=0,38 / l-cl ___-_-__,_

41C ri ,

If we approximately take into account the warming up- of the entire and by

mass of the drop to temperature T then the cl

becaus,

their

= ,6 . i l- . - p,4 . (1.75 ), has -th
V Q. + e,(T.,-o)l formin

with t.

The diffusion coefficient is approximately numerical-ly equal

to the coefficient of thermal conductivity, i.e., Ti

by the

spheriiD .(1.76)

All parameters in equation (1.76) correspond to identical condition of

heat-mass transfer.
where

By substituting the value of D from equation (1.76) in formula change,.

(1.66) and equating the right sides of (1.66) and (1.75), we find current

coeffi

sum of
8 C K,(T,-TU,) (1.77)

A
of yap

If we perform calculation with allowance for time, consumed on wrif t e
preheating the drop, then approximately

1+ ex (r,- T-)
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'174) The-coordination coefficient X in engineering practice is refined

experimentally.

1.6. Transition Processes of the Mass of a
Drop into Products of Burning

Subcritical pressure ,

In the period of Vaporization the drop is surrouhded by vapors

ire and by tr ansformation products, which form a "cloud." The size of

the cloud continuously changes; the quantity of vapors is increased

because of vaporization of liquid and is decreased as a result of

their diffusion into prbducts of burning. If C 2 W, then the cloud

(175) has the shape of a sphere. If C> W, then the cloud- follows a drop,

forming a "tail." It W > C, then the drop, surrounded by a cloud, moves

with the tail forward.

ual
The penetration of Vapors into combustion products is described

by the equation of diffusion, which inspherical coordinates for a

'spherical cloud has the form(i .76)

[R-:- .o(t) (R,t) = D a2 [RtWAR,t0, ( L.78)}

ition of

where R 6 (t) - radius of external surface of the cloud, which

rmula changes with time; o(R, t) - concentration, which depends on the

"nd current value of radius R and is changed with time; D - diffusion

coefficient, moveover in the most general case it is equal to the

sum of coefficients of molecular and turbulent diffusion.

(1.77)

At moment of time t = 0 for any value of R - the concentration

of vapors is equal to zero; therefore the initial condition will be

written so:

c[(R-ro),01=O, (1.79)
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I
where r- radius of drop at moment t 0.

Being guided' by the law ofconservation of mass, the first

boundary condition can be written so:

± -L (r°-rS)'4x (c(R')dR. (1. 80)"4'

and al
Condition (1.80.) shows that at any moment of time the decrease

of mass of drop (the left side of the equation) is equal to the mass

of products in the cloud and in the combustion products. Under

actual conditions the value of the upper limit of integration is

determined by the geometry of the chamber. Integration within limits it is

to infinity will not introduce noticeable error, inasmuch as the i

concentration of diffusing products is rapidly decreased with removal

of the drop from the surface.

At any moment of time the derivative from concentration, with

respect to the radius of-cloud on the surface of the drop is equal Thus,

to zero, therefore the second boundary condition is written so:

-~[~k).(1.81)

To inv

The equation of the law of conservation of mass of vaporizi.yig equati

drop has the form

m o = m j+ m G+ m ', ( 1 . 8 2 )

b urnin
where m0 - mass. of drop' before the start of vaporization; mH - current

value of mass of drop; mo0 - mass of cloud; mD\,- mass of vapors,

diffused into products of burning.

1i

u = l"= w w = • = 1 = I 3 = m i



Having takeh the time derivatiys from expresslons (1.82)

and (i .61), we find
Ot

m, +mD:O. (1. 83)

-1.4

and also
crease

Ie mass

er (1.85)
is

n limits
It is known thatthe

removal

mhD- 4o'R-. . (1.86)

with

equal Thus,

o;

'j 6 0 -. 0. (1.87)
(1.8) 6

To investigate the process of vaporization there is used system of

izing equations (1.714), (1.78) and (1.87).

Supercritical pressure

(1.82)

For a spherical drop the diffusion of mass into products of

burning is described by equation
- current

rs',

(1.88)
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At the initial, moment of time, i.e., when t '0, at any

distance of R r from the surface of the drop: the concentration

of substance of the -drop is equal to zero. Consequently, '%he initial

condition will be-writteh so: the lei

c[(R-r.), o]=0. (1.89)- Li
of liqi

timing
At a certain moment of time t6 and- at ,any other moment of time combus

't > - 0 the whole mass 'of the drop Wil pass into th " area of products -
of burning, -which is, conditionally assumed infinite, therefore the T'

'boundary, condition will -be written so:, product

4 32. zr,,Q7,=4xr c(R,i)~dR. .(1.90)

where

For a spherical ,drop the second boundary condition is determined which e

by the fact that at any moment of time in the center of the drop liquid 1
derivative

instant

,- at mome

per see

Diffusion of the mass of drop into the area of products of

burning proceeds very rapidly. Therefore, calculation can- be performed

under the assumption of instantaneous separation of-mass. Considering,

the small sizes of the drop, it is possible to be guided by a- point

source. 'In :this case the solution of equations (1.88) will be ,, A

wrltten so:

(~ )'V(D"

At the

ch aract

masses
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1.7. Characteristic of Vagporization

ion

'initial, The character of growth of products of' burning with time or :along

the length of the chamber is frequently called the burnout curve.

(1 89) Let us assume G(O) will che:aaterize the instantaneous inflow

of liquid propellant into the chamber, moreover as the beginning of

timing we will ltake the moment of entry of propellant into the
time combustion chamber.

rd uts

the The instantaneous inflow per second of gaseous vapbrization

products into the chamber

1)o_=G(o)-G(t), (1.93)

where G(t) - the instantaneous quantity of propellant per second,,

-ermined which entered the chamber at moment of time # 0 and remained in

op liquid state to moment of time t.

The characteristic Of vaporization 0(t) is the relationship of

instantaneous quantity of vaporization products per second, formed
(1.91) at moment of time t, to the instantaneous quantity of propellant

per second, which entered the chamber at moment of time t = 0,. i.e.,

f

performed . G(0)-- G M E -0) (1.94)

sidering ION) --O)

point

As was shown,

_± /o (mo). (1. 95)

(1.92) 
4 

1

At the initial moment of time the density of distribution (dn/dm0 ) is

characterized by function f0 (m0 ), depending on the initial values of

masses of drops m0 .
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The mass flow rate per second at moment of time t - 0 is A(

determined by the product of the -number of drops by their initial

,mass, The number of drops when t 0

hb==jfo(ro)dro. (1i. 9) A

Inasmuch as massr n0 - variable quantity, then for determination- of

the flow rate of liquid the value of mass should be introduced under By equ

,the integral sign: find ti

G (Q4~frh/o rn~ .J0  1.'9 7)

At any arbitrary moment of time t the equation 6f the density of formul
distribution will-be written so:

- -" =(ml), (1. 98)
dna

where m M - the current value of the mass of drop, moreover, by using By usi

equality (1.74), let us find

m, (MONS -, )I,, (1.99)

where

mass m

i'rn~FP.(1.100)

Instead of expression (1.99) there can be taken, of course, another

law of vaporization, if it is more suitable for the given-particular

conditions.
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According' to formula (1.95) we have

Ltial

dn=fo(modmo. ( 1.10 1)

According to formula (1.98) we find(1.,96)

d,=-f (,,)dm.. (1.102) J
ion ,of

ed under By equating the right sides of expressions (1.101) and (1.102), We

find the law of distribution for any moment of timet in the fofm

d(. ( IN) .(1 103)

density of By analogy with expression (1.97') it is possible to write the
formula for determination of the flow rate at any, moment of time:'

(98)(t)= i (m. ) drn. (1.10 )(1.98)
by using By using equality (1.103), we find

G~f)=mjo~.) ' m.. (1.105)

(1.99) 0
dm 0

C.omplex f0 (m0 ) dm can be expressed through the value of current I
H

mass mH . Masses m0 and m are connected by equation (1.99), so that IH0 H
(1.100)

1d+,-]). (1.106)fo(,NO-"; =.,'[( .. ,,')lj mo
another

)articular
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Now equation '( .. li05)- takes this form: 1

chaimb e,
gatedi

- .o.G W + ' -A, d,,,. L'.107)- exit Ii

Inasmuch as equation (1.99) is valid for a, drop of any size,, We

find that the mass of the coarsest drop will be changed, so:

, (1.108) the n
of con'

Thus, under our conditions expression (1.107) takes the form chambei

and so'

Gi can
G (,)- 'm [.o(m?± j)2]+ ( I mew .dm.. (1. 109)

0

The flow rate at any moment of time can be expressed through

the value of initial mass, in this case we will have Here t!

into tl

just a

P (t)= (mg,5 -+.t)lfo (m) dmo. (1.110) and op
mainly

of the'

An expression for determination of the characteristic of number,

vaporization 0(t) with timing from moment T can be written, by using

equations (1.94), (1.97) and (1.110). I

and ph

1.8. Relationships Between the Flow Rates of by the
Propellant Components Per Second

Depending on the purpose of research, the relationship between

the flow rates of propellant components per second, or briefly -

the component ratio, is determined differently.
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1. If there is studied the connection between the combustion

chamber and feed sys-tam and low-freq.aency oscillations are investi-

gated, then the ratio of oxidizer G1 and- fuel G2 at the injector
(L-.0') exit is designated so:

size, we k ,(O) (1.111)

The flow- rates of components change with time as -a result, of(1.108)
the nonuniformity of operation of units of the power plant, the action

of control elements, -fluctuations of pressure in the combustion
,chamber, wave processes in the hydraulic elements of the feed system

and so forth. In rather general form the flow rate of component

G. can be represented, so:
(1.109)

(1.112)

through
Here time t characterizes the moment of arrival of the component

into the combustion chamber. The amplitude of oscillations Ai(t),

just as frequency w(t), are changed With time depending on the design

(1.110) and operating conditions of the engine. Phase shift Oi is determined
mainly by the geometry of flow ducts and the operating conditions

of the power plant. The exponent in formula (1.112). is a complex

of number.
n , 6y using

If nominal flow rate Gi(t), amplitude A.,(t), frequency w.(t)

and phase shift *.(t) are not changed with time, then, being guided
by their average values Gj, Ai, w, 0j, we obtain

p between G=+ A, exp [- (*it+1)]J. (1.113)

efly -

In the case of sinusoidal oscillations

,- , +A, sin (;It + ,.(1.114)
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2. The burning conditions of propelant are determined by the deper

current value of the component ratio Accoz

rate

compckj= rh#) kil.- 115)

3. The conditions of occurrence of chemical reactions in gaseous

phase depend on relationship
Locai

with
k0_ ,G(O-:; (t)* (1.116) opera

1;9. The Rate of Change of Component Ratio
of co

'The component ratio determines the value of a number of parameters, from

including the rate of burning U and the efficiency of gas. For the (1.12

prescribed propellant by. calculdtion -or from results of processing

of experimental data it 'is possible to determine the relatioiship cm

of gas efficiency to the component ratio, i.e.-, compA

some i

RTR-(k). (.117) then

By differecntiating expression '(1.117), we find

- (,RT) - ( 1.118)

where
Consequently, with change of the component ratio in time the power

being expended or consumed by the burning flow [673 volumc

N d (RT) (1.119)
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by the depends on the properties of components and the -burning conditions.

According to equality (i.li8) the considered power depends on the

rate of change of the component ratio and on the :absolute value of the

-component ratio. The total derivative of component ratio
(1.1-15)

it--- +Cgrad h:. (1. 120 )

n gaseous (

Local derivative- 1 / t characterizes the change of component ratio

with -time at the combustion chamber inlet and is determined by the

(-1.116) operating c6ndit±ons of the feed system.

As a result of the different rate of vaporization (or diffusion)

of components there appears the need to consider coordinate derivatives

from component ratio - the second term of the right side of equation
parameters,,

or the

ssingIship As was noted above, the efficiency of gases depends on the
component ratio, moreover to the largest value of RT corresponds-

some optimum-value of kl , at which -a (RT) = 0. If kI < konT'

(1.117) then a- l(RT) > 0; when k, > klenT" then k(RT) < O.

By using equations of state and (1.118), we find

Yz_ .(__ T)_ i ,+ T( (1.121)
(1.118) VKk di '

where YK V K - the amount of gases in the chamber and the chamberSpower

volume. By integrating equation (1.121), we find

ka QS

(1.119) -'! - , (Rr)dk,+ RdQ. (1.122)
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II
Thus, with change of the component ratio with time a change of tnen aj

pressure in the chamber can be observed. If derivative k appears

In the limited, part of the chamber, volume, then the change in pressure

will bear a local character. In this case a pressure wave can appear,

which is propagated along the chamber volume. Upon reaching the walls

it will be -eflected rrom them and intersect the area of burning. -As

a cons~quence acceleration of burning can occur, -which under certain

conditions will lead to intensification of wave processes.

Ab~ove we examined the change of flow rate of component with j
time:

for oxidi7-r

G1 =G1 +A, cxp [- ' (;t+- ,)], (1.123)

for fuel In orde

It is nj

?--) (1.124),

8y dif-fz entlating, We find

iw~l exp(1.125)ot

a -i 2 A xp ['2-- i (,+). (1.126)

inv
Inasmuch as 

propella

the engi,

G1- ki G~ 2
k2 t (1.127) GzV'
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-I.

° , U

I'

ante oh ten after conversions, having accepted w W w, we obtain

1 wn , e obtain

pears

n pr~essure

an appear, &-2 eXp (i~t) + 2 ep'(-ij2 )

the walls " exp(Q;'t)+-exp(-i 2 )
,111ngi As, U ~ 47) ;iep !2

certain

Iir-t-ke- case of sinusoidal oscillations

with

k.- 4 4icos?,+

Z2O+2sni +A 2COS 2 -iA 2 invh)Xac + I sin_t + _l ./ C ,-T2- FA_.2 s ,X _,. .i2

(1. cos3+ iO sin t4+A cos -1 1 sin;, (1.129)( 1 .1 2 3 ) Z"C S t 0 2 ..... (7.]25 2 1 6 i

In order to guarantee kI = 0 during operation at steady state;

It is necessary to safisfy, conditions

(1.124)

-, =- (1i.130 )A1  0)k12 1

(1.A25)

(1.126) Eiample 1.

Investigate the character of change of the component ratio of

propellant in time at the injector edge during cruise operation of

the engine [67).

(1.127) Given.
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Disturbance of liquid flows appears at the exit from the 
flow With

the f
areas of centrifugal pump impellers, moreover the rpm of the shaft

of the turbopump unit is equal to 470. Each impeller has 6 blades

each. Spectrographic research of oscillations showed that the

oscillations are close to sinusoidal.

By the oscillograms, obtained during engine test, it has been

established that amplitudes in the--oxidizer and fuel chains are

equal to Ai  0,4 kg/s and A2 = 0.'75 kg/s respectively.

By comparing the oscillograms, on which the character of change

of flow rates at pump outlets and nozzle inlets is recorded, we

managed to determine the phase shifts: on the oxidizer chain
= -0.25 rad and on the fuel chain *2 0.55 rad.

Solution.

To get the complete idea about the character of change of the

component ratio in time and the chamber volume it is necessary to

examine a system of three equations.

The first equation should characterize the distribution of 3
flow rates of propellant components along the cross section of the

chamber depending on the location of injectors and their characteris-

tics. The second equation should give the possibility of determining

the change in the component ratio along the length of the chamber 4

depending on the character of propellant burnout (see 1.7). As the
4

third equation it is necessary to use equation (1.129), allowing the

determining of the change of the component ratio with time at the 4
4

injector edge.

Let us determine the frequency of disturbing oscillations 5

f I 470.6 45f=--..-=- 47 Hiz.
60 60

I
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he fow With, sinusoidal osciliations [formu (i.129) ] let us 6alculate by

he shaft the following scheme.

6 biades

the 1. Let us assign interval At.
'2. Let us fix curr6nt time' t.

3. Let us calculate circular frequency y = 21rf.
4. Let u6 determine (3)'(2).
5. On the table we find cos -M .

has been 6. On the table ,we find sin (4).
7. On the table we find cos f2"

,is, are
8. On, the table we find sin ¢

9. . (5).

of change 11. As.(7).
d,, we 12:4 7. (8) .i.

13: (9)+(1O).
ain = 14. (10)-(12).

15. (3).(13).

17. (13).
18. () 2

19. (17) + (18).
20. (36) :(18).
21. (15) (19).
22. cos yi.
23. cos ff.

e of the 24.A'. (22).

,sary to -26. G.(5).
27. j.. (6).
28. (26) +(24).
29. (27) -(25.
30. (281-(13).
31. - 4128) 4). L

on of 32. (29). (13).1.
3. (29)!4).)n of the 34. (30)-+ (%)..

S35. (31)+ (32).L

,hai-acteris- 36. (3): (19) .37. 35) :(19) .-1

determining 38. (36) (I).
40. (37).(Q1).1i

chamber 41. (37 (12).
42. (38) +(41).As the 43. (39)+(40) .
44. (42)+(24).

lowing the 45. 43)+(25).i
46. (20).(44).

at the 47. (2 .(45).
48. (21). (44) -1.
49. -(21).(45).
50. (46) + (49).
51. (47)+ (48). i.

ions 52. (50)2.
5. (51)k
54. (52) + (53).
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55. We find the modulus, which will characterize the sought Res

value of derivative = (54)2 and *
Is seen

We determine the phasej which characterizes the displacement of

values Ta in comparison with initial values of flow, rates, moreover,

arc tg [(51li:(50)].
The,

The given algorithm is used for compiling a program for a digital chamber

computer. Thus, ;for instance, for the accepted values of parameters

on an M-20 machine in the initial step of calculation ,the following

results Were obtained:

where T
-oooooo the combi
4'03 111299006 h ob
+01441836457 time of

-03 999999999
+ 03'10558M time of
+ 01452495143 critical

- 0 in the c
+03104122163 In the first lines of each column there is recorded
+01 462804138

the time, in the second - the value of modulus and
-02300000 in the third- phase. The
+ 03106698268
+ 01155151365 presents

-02400000000 special
+ 03113696824
+01 144321547 [i 3 ], [9(

etc,
relation.

The

S I

M0q In the 'e;

Fig. 1.8. For the example
of calculation.
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)ught Research, and calculations Showed that during, engine operation

i and fK on the injector edge are continuously changed'in time, as
is seen on Fig. 1.8, constructed from calculation results.

mment of

oreover L,.IO. 'haracteristic Times of Conversions

The total time ,the burning propellant stays in the combustion

a digital chamber,

rameters

.owing -- + (1i.131)

where ir - time from the moment of ,entry of liquid propellant into

the combustion chamber to the beginning of its vaporization; tH -

time of vaporization; t - time of chemical ,transformations; E -

time of passage of combustion products through the chamber ,to the 4

critical cross section, Called the time of stay of combustion products

in the chamber.
recorded
lus and

The determination of the time of chemical transformations

presents considerable difficulties. To this question are dedicated

special sections of the course of kinetics of chemical gas reactions

[43], [96]. When performing engineering calculations we use approximate

relationships.

The reaction rate

W=- LOdV. (1.1,32)

V

In the examination of the element of volume the reaction rate

dC

de. (1.133)
di
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According to the law of mass action -the reaction rate of the first

;power

W =-k, (i-.134 ) Accor

,where k - the reaction rate, constant.

After separation of variables and iiegrafion. Or -thc Curreh

concentration we find The s

c:~~~~~~ -c e1 -k , . .i3 5 )

For the reaction of n-th power
where

ke 'C2 CA*( 1 -.1-36)

where.v - the, stoichiometric coefficient of :the rdactibn.

Equation (1.135') is even suitable for calculation of complx n n t
processes, if -the calculations are done in the first approximation,

and values of o0 and k are taken on the basis of eiperimental data

[43], [9,.6].

The time of stay of combustion products in the chamber is

'determined in the following manner. Being

The gas velocity in the section of the chamber with length Z

dl

ch amb

By the equation of continuity, co nsIdering the cross-sectional area depen
of the chamber variable, we find the c

exper
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e first . G13 W = . ."i-3 7°)

(1.1,34) According to the equation of state

P9

current

The, specific ,pressure pulse

where

(1.136)

a (- 2 ) (2 --- ) (1.139)

omplex n -the politropic index. After conversions we find

iimation,

al. data /l 'I P ) t)/%p .  I.r (1.14o)

is

Being guided by the average values of a and RTK, we findiK

-ngth Z
vK PV 

(1.R4

Formula (1.141) is used for determination of the combustion

chamber volume. The value of e sufficient for complete combustion

)nal area depends on the properties of components, the carburetion conditions,

the components ratio, pressure in the chamber; it is determined

experimentally.
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I I

Concise information about chain reactbns ThE

which il
Chemical reactions are -simple and :complex. A s-mple reaction generatj

proceeds In one elementary act; the chemical equation of sudh a of moiec

reaction is identical to stoichiometric ecuation. A complex reaction particle

is the totality of acts, which proceed in series or paral-lel, or

both in series and parallel. In a complex hemi.cal reaction, Exp

intermediate substances are formed, which as a rule are more- active unsatura

than initial. We distinguish ordinary and chain complex reactions. initial

appearaq

In anordinary complex reaction -an active particle (active various

center) produces the intermediate substance, changing into the . gases, b

reaction product. are usua'

rate. B
A chain reaction is distinguished from complex by the fact that plays 'a j

here simultaneously with the product of flow rate there appear active for the

particles, i.e., continuous regeneration of active particles occurs.

The reaction, started by one active particle, because of the The

repetition of cycles, caused by reappearing active particles, is chemical'
not ceased until the disturbance of the sequenc. of cycles, caused molecules

by the destruction of active particles. During the study of chain a molecul

reactions two sources of active particles are coisidered - an external

source and the appearance of particles during the reaction itself. The

kinetics
Since the chain reaction is characterized by the fact that in surface,

one link of the chain for every vanished active particle on the of chain

average there appears more than one new active particle, such a chain catalysts

reaction is called branched. a gas vol

Gas reactions do not conform to the classical laws of chemical brea

kinetics " to the law of mass action and to Arrhenius temperature it is caul

law. This is understandable, since the mechanism of gas burning in tion of al

actuality proves to be more complex than follows from ordinary These pro

stoichiometric equations.

I, J
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'The chain reaction is characterizedby -the length of Ithe chain,
which-is the, ratio of the reaction rate to the rate of thermal
generation of active, particles. This ratio is -equal 'to the nuiner

of molecules of the reaction product, which are on every active
ion particle, forming under the action of heat.

Ekperimental data show that actIve particles are chemically
e Unsaturated products -' free atoms and radicals. Consequently, the

initial formation of these products is a necessary conrd lo (n.X t,t f
'appearance ,of,a chain reaction. They appear under the Influence uf

various :actions, including as a result 'of thermal dissociation of

gases., but at temperatures below 10000K their energy and concentration

are usually inadequate for the chain-reaction to acqui-re a :n6t-iceable

rate. Because of thermal dissociation ,the nucleation of radicals
at plays- a noticeable role at rather high temperatures,, characteristic

ive for the central part of the combustion chamber.

"S.

The process of nucleation of active perticles as a result of

chemical interaction is most often realized when one of the- intelracting

molecules is a molecule 'containing multiple bonds, as,'for- instance,

a molecule of oxygen, olefin, aide.yde, etc.

,rnal

The initiating action of surfaces plays a large role in the

kinetics of chain reactions. The radicals, 'being m4cleated on the

surface, can move into the basic volume. The- Intensity of' nucleation

of chain reactions depends upon the presence and properties of

.iain catalysts. Thus, a heterogeneous reaction on a silver catalyst in

a gas volume causes a homogeneous chain reaction.

al 6reaking of chains -- this is the destruction of active particles;

it is caused by chemical processes, which proceed with the participa-
in tion of atoms and radicals and do not lead to their regeneration.

These processes can proceed both in the volume and on the surface.
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The- nuclation- of a chain can occur because of collts'ion with- The re,

s o. p .unsatur-a-ed molecule M; In this instance the nucleation of a corresi

crain- canzbe 1llustiated by reaction:

Hz+M_2H+M.

Here ,an adt-ive particle was formed - atbmic hydrogen. Reacti

:partic

The breaking of the chain of an- active paiticle, caused, for folow

example, by the disappearance of' atomic oxygen:

q+C0+M=CO+M:

This reaction characterizes a triple collision and the diappear-

ance of atomic oxygen.

Let us consider for example the reaction ,6f hydrogen burning. Simult

The main features of the mechanism of this reaction are also-peculiar breakir

to the reactions of burning of other gases, therefore the reaction of the

of hydrogen burning is taken as the model reaction.

In the begihning there occurs nucleation of chains, with the

formation of active particles - radical OH and atomic hydrogen [43]:

and to

H2+02=20H-16 kcal;
H: +AI=2H+M-104,2 kcal.

The continuation of the chain is characterized by the appearance of

atomic hydrogen: additic
Contin

OH+H,-HtO+H+13,7 'kcal. (c)is des
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on with The reactions, terminating with the formation of active -particles,

)n of a correspond to branching of the chain:

H+O 2 -OH O--i5 kcal; (d)
O+H=OH+H-l kcal. (e)

Reactions (c), (d), (e), as a consequence of the formation of active

particle - -atomic hydrogen -'can be represented in the form of the
d, for followihg scheme:

H+--°OK OH + <.

,diappear- \"OH + H 2\0H 2

urning. Simultaneously with the generation of active particles there occurs ,
o peculiar breaking of the chains in the volume and on the-wall. To breaking

eaction of the chain in the volume corresponds reaction

heH+O,+M.HO 2 +M+47 kcal, (g)

h the

,gen k43]:

and to breaking of the chain on the wall - reaction

b H-- %/H. (h)

rance of In the kinetics of hydrogen burning there participates one

additional active particle HO2 , called a low-activity radical.

Continuation of the chain with the aid of this low-activity radical

(c) is described by equations [43]
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HO+H 2=H20+H--15 kcal, (i)
H-0+HO-H 202+0HQ'-9 kcal. (J)

but the breakihg of chains on the wali ,proceeds so:

HO.- !12'/ H.%+%/ 02 (k
11o20 + /402)

Under certain conditions the rate of some reactions is increased

according to law exp (*t); after a short interval- of time the iiate

can turn out to be so large that the reaction acquires the character I

of an explosion. In liqUid-propellant rocket engines there are known exchanlow-prob ability e xp los ive reactions. "vapori

burnin 

'One of the peculiarities of ,branched chain reactions is the

presence of an induction period, which is manifested in the fact

that during a certain interval of time no noticeable increase of During

pressure is revealed. After this time the pressure begins to particc

noticeably butld up. of vap(

drops

Tho speed of the entire process on the whole is determined by interna

the speed of the slowest stage; during hydrogen in the process of velocit

branching of the chain the endothermic reaction (d) is limiting, of the

vapori z
The interaction between oxygen and carbon monoxide is more of liqu

complex than the interaction between oxygen and hydrogen. In this element

instance, if the temperature is above 10000K, a slow reaction is and wil

begun on the walls. The excitation of the reaction through the

whole volume is attained by the introduction of small quantities Th

of H20 or H2. Here the exciter of the reaction is,,apparently, are clo

atomic hydrogen, which is formed because of dissociation; the active prepara.

particles include, as before, atomic oxygen and hydroxyl. of drop.

vaporiz

is locat
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C H A P T E R II

icreased COMBUSTION CHAMBER EQUATIONS

rate

,racter In the combustion chamber there occurs acomplex mass and energy

,e known exchange between the propellant components entering the chamber, the

vaporization products and gaseous maxture being formed as a result of

burning.

-he

ct Let us exaine the element of volume abodefjh, shown in Fig. 2.1.

of During the burning of'liquid propellant this element will be filled

partically with liquid, partially with gas, representing a mixture

of vaporization products with products of burning. The separate

drops of propellant components, having various sizes, moving In he

d by internal cavity of the chamber, will have axial, radial and tangential

5 of velocity components, the quantities of which depend on the location

ng. of the considered element and are changed with time. As a result of

vaporization of drops or diffusion of liquid into gas-the flow rate

re of liquid, velocity, density and other parameters of gas in the

this element will be changed with respect ,to coordinates of the element

is and will also depend on the locati6n of the element.

he

ies 'The greatest quantity of liquid will be in those elements, which

y I are closer to the injection assembly; in the beginning, where

active preparation of the, propellant for vaporization is observed, the size

of drops is practically unchanged. Further, in the area of intensive

vaporization, the size of drops is decreased rapidly. If an element

is located at a sufficient distance from the injection assembly, its
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volume is filled only by gas, the composition of which ,can continuously Cond

change as a result of the reactions proceeding in gaseous phase. prop

vap

of

W By

Fig. 2.1. Diagram of the element Any
of burning flow in the internal by r
cavity of the combustion chamber.

4'D.Ing the study of intrachamber processes the calculation

equations are written for the whole volume of the chamber, being The
guided by averaged values of parameters, or for the elementary volume rape'

examined above with subsequent integration with respect to the whole aver

volume of the chamber. star,
propl

j 2.1. The Basic Equation of the Chamber be

By using the law of conservation of mass of a burning flow and

considering the .ntire volume of the combustion chamber on the whole,

we write a differential equation - the basic equation of the combustion

chamber.
wher

For arbitrary moment of time t into the internal cavity of the the

chamber proceeded Y kg of propellant (Fig. 2.2). Through the nozzle feed

throat from the chamber flowed Y1p kg of combustion products. tne

pres
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ntinuously Cbnsequently, in. the chamber tnere was accumulated Y kg of liquid

se. ,propellant, riot. yet heated t~o the boiling ponh_- Y- kg of liuid

vaporizing components and Y kg <of vaporization products. ln such ,a

formulation of the problem the equation of the law of conserva.Ton

6f mass takes the form

:tr-,&rpo ( 2. t) "

By differentiating expression (2.1) with respect to t, we obtain

- N . U'(2.2)

Any total quantity 'j, entering equation (:2.1), can be determined

-by mass flow ,rate per second (time) Gi, since
I

Y,.= G ,dt,., (2.3)

on

ing The reading is taken from moment of time T [48] of the beginning of

volume Vaporization (or diffusion) of propellant, being guided by some

e Whole average value of the delay, i.e., time T of heating of liquid to the

start of boiling on the surface; in this case the overall quantity of

propellant, which entered the chamber for the considered time, will i,

be

ow and

e whole, Y f G;,, (2.4)combustion

where GZ  G 1 + G2 - the inflow of propellant per second (time) into

of' the the combustion chamber; T8 0 - delay, which corresponds to initial

nozzle feed conditions of propellant into the chamber. During time t = T 8
the liquid propellant is still not converted into gaseous products,

pressure in the chamber is not changed and therefore i = Con':.
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He r(

- I -to. I

Fig. 2.2. Change of the chamber parameters EI- with time: 'I - initial period Of pi-eparatlon
of propellant; 11 - starting; T11 - operating;
IV- period of aftereffect.

• " " at t

Cd II _ I :

I I I

II s' i
If w

By differentiating expression (2.4)., we find

.2.5) The e

chapt
The quantity of propellant., which is in the chamber in liquid

phase, in the vaporization preparation stage,

Y S c6dt. (2.6)
initii

by differentiating expression (2.6), we find

Y'= a- (Gz,.)_,.(41 -,). (2.7)

or
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Here subscript (-,T) shows that the inflow of propellant G, corresponds

'to. time t - ' so that designation (G)T is equivalent to entry
G (t ). 8

ete rs
aration.
)erating; The total quant.Lty bf propellant, accumulated in the chamber

at the beginning of vaporization,

Y*O= Gzdt. (2.8),

If we are guided by' the average value of propellant inflow, then

Y.o=Pr, -TJO. (2.9)

By equations (2.5) and (2.7) we find

P. f= =(G,)_, (I - .).(2. 1o0)

(2.10

2.5) The equations for determinationof T were obtained In the first

chapter. There are examined the methods of determination of

id

YN,=G,. (2.11) I
2.6) In the simplest case, if we are guided by one characteristic

initial size of drops rO , then [67]

,,= -- (2.12)

(2.7)

or

(2.13)
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where

(2.14)
F

use eq

The quantity of gas in ,the chamber, consisting of vaporization

products and combustion products, is determihed by, equation of state

(2.15-)

where

where - free volume of the chamber, i.,e., the volume not occupied momentK'

by liquid,. By dif

,By designating the constant, determined by geometric dimensions

(according to a- drawing), volume of the chamber through VK0 , we obtain

If -

Having taken the derivative with respect to t and assuming the Flow r

density of liquid constant, we find

I (y +1 )" (2.1,7)

By using equalities (2.7) and (2.13), we arrive at equation where I
n:

G -(2.18)

Now let us differentiate equality -(2.15) with respect to t;

taking into account that efficiency RT K is a variable quantity,,

depending on the component ratio, we obtain Now in
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4

p ( A ). -(2.19) J
Rr. --A~c (Rr..)2 di

For determination of the last term in expression ('2.2) let -us

use equation,

ition
state - , ,  (220)

'2.15)

where e - time from the termination of propellent vaporization to the

upied moment of passage of gaseous products through the nozzle throat.

By differentiating equality .(2.20),,,,we find

Jis ions YffG), I+ ,).. ( 2.21 ) !

iobtain

If e i const, then

-2.16)
(2.22)

the Flow rate through the nozzle throat

G-- - (2.23)

where 0 - specific pressure pulse; a - function of politropic index

(2.18)

a=(.) -(2 ") (2.24)

Now instead of equation (2.21) we have
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(2.25)

to dete'

and to

if e = const, then

T4
! immedidi*.,--p I ' (2.26)

the cha

changed

Thus derivative corresponds to moment of time t' + ., ,e.,

relative to ,the accepted, beginning of timing lags behind the period Th

of "transporting" of products from the, zone of propeliant combustion which i

to the region of the nozzle throat.

Formulas for'determination of quantity £ were given in Chapter I.

Let us compute its time derivative where G

Z vaporiz

=L a (() dl. (2.27)
p o Fol

d6signat

By substituting the obtained values of derivatives, mass thme of the e

Clow, rates, in expression (2.2), after conversions we arrive at the will be

basic equation of the combustion chamber:

S-.P, - , fz(pK) i'- f (PK) o. (2.'28)
F'P

where t
where

Ina
PO (P' (iJ); (2.29) expressi

VK RTKd PC ~B+4• ' performil
IL (2G30i2(P,)= (I ,, -Z .( .0
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A

25) By the results of processing of experimental data it is possible

to determine the law of vaporization of liquid prope'llant components

and to construct so-called burnout curve.

The buildup of' the quantity of vaporization products occurs. A

immediately after the arrival of components at the -ihternal cavity of

the, chamber. However, the intensity of vaporization is- sharply

changed with time,.

Lod 'The formation of components is characterized by an equation,

;ion which In general form is written so:

G s=(0),((t), (2.3)1)

ter i.

where-Gz(0) -time inflow of propellant into the chamber; *(-t)

vaporization characteristic, determined from experiment..

.27)
For the purpose of simplification of the entry we will again

designate term GE(t) through GE* As a result of-the Vaporization

me of-the entire mass of propellant the inflow of gaseous products

the will be

G=[ T(t)di, (2.32),

.28)

where t -the total time of vaporization.0I
Inasmuch as the numerical values, obtained with integration of

.29) expressions (2.32) from t0 to o are small, this integration when

performing approximate calculations can be from ero to infinity; thus
'.30)

G:i= G (t)dt. (2.33)
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Now instead. of equation '(2.28), we will have Inasmu

study

(2-34)chambe -derivi

Let us return to equations (2.28), (2_.29) and (2.30).. The first the rI

term ih equation (2.28) is caused by change of pressure in the chamber. 'forma

The change of free volume is considered by term
E

solve
hX. 

prope

With change of pressure in the chamber the intensity of heating freque

of liquid components is changed; as a consequence of this- the rate to cor
of warming and vaporization of liquid propellant is changed, the

absolute value of the free volume of the chamber 'is changed. The

second term of the right side of equation (2.-29) reflects the effect 0

of change of the efficiency of combustion products.. The product of

RTH at prescribed'properties of propellant components depends basically

on the component ratio and on the 6ombustion efficiency of propellant. value

dalu

Let us note that with consideration of the peculiarities of the 3T

interconnection between the combustion chamber and the feed system

the component ratio, as will be shown below, depends on the pressure transW

in the chamber. (2.29)

The last component, which enters equation (2.29), carries a

,correction, caused by the, time of movement of combustion products

along the axis of the chamber.

Propellant is introduced into the chamber with delay, which in

equation (2.28) together with equation (2.30) is considered by variable i is

collec

- U ri n
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nasmuch as T,8 = (), and p~ changes with, time-, -then du~ring the
study of intrachamber processes:, as follows from. the obtained equations,"l

derivative is considered, i.e., the effect of pressure in the A

2.34) chamber on the amount of.delay.

The last term of equation (2.30) characterizes the effect of

first the rate of change of the propellant feed under conditions of gas

chambeP. formation.

During calculation of an engine it is frequently necessary to

solve problems in a simpler formulation. Thus, for instance, if

propellant is fed to the chamber in gaseous state, then T = '0.

With change of pressure within small limits or in cases when low-
ating

frequency oscillations are not considered, it is sometimes possible

to consider T. = const and, consequently, T. = 0.

If T = const the vaporization rate 'is constant, then derivative

feet 0.

, of
i sically

In some engines in steady state there is provided a constant

llant. value of component ratio. In this case RTK = const and, consequently,

d (H 0

the = .

uem When conducting approximate calculations we take time of

transportation c = 0; then e = 0 and the last component in equation

(2.29) becomes one-, i.e.)

9 + (2.35) j

in During the study of initial period of operation of an engine

it is necessary to compute the quantity of propellant, which is

collected in the chamber before the start of ignition. Inasmuch as

during this period the initial pressure pKO doer not change, then
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O onst. Before the start or ignition in the internal ty

of the chamber there is propellant,, the quantity of which will be with

equal to ,or (2

additj

which
T"5  S Gzdi-Y' , (2.36)

p (' )

where Y ' - the quantity of propellant,, which fell in the nozzle tne e

throat region and flowed from the chamber in liquid state during

time 'r8 0 . If G const and Y 0., then

If we

solut

After ignition of propellant an increase of pressure in the

chamber is begun, in this case almost all the engine parameters are

changed.

As a result of the increase in pressure period Ts is decreased

and the process of vaporization is accelerated. In this case the where

quantity of propellant, which is in the combustion chamber in liquid

state, is decreased. Gaseous products are formed not only as a A

result of vaporization of components, entering from the feed system, of the

but also under the action of additional feeding, caused by decrease

of period r8 . While pressure in the chamber grew from pKO to P %

the delay was decreased from <r80 to T As a result of only additional
feeding in the internal volume of the chamber gaseous products are

formed to t:he extent of

Y,, -z(izd. (2.38)
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Sty In order to get an idea of the chanige of pressure In the chamber

be with time, it is necessary to solve an equation in the form of (2.28)
or (2.34). For this it is necessary to assign G = G (t)or I
additionally draw on equations of the feed sy.-tem, derivation of

which will be- given below.

(2.-36)
Let us examine the approximate method of construction of graph

p (t) during engine startIng. Without taking into account the delay,

ile the equation of tho chamber 'is written so:
ing

+ p.---KPLG--=O. (2.39)

(2.37)
If we consider a rather general case, when e(t) and GE(t), then the

solution of linear differential equation (2.39) takes the form
the

rs ,are

P.=CxP _Idp t I P.iuOw (3 t)- x [a; dt, (2.140)

-reased
the where C - Integration constant; pH 011 - nominal pressure in the chamber.

nliquid,'

s a o hAssuming that the flow rate of propellant is changed in terms

system, of the exponent, then

ecrease

0
'~P K

additional ,'

ts are P4 Cexp[-)-4-]"exP [
ep(2.41)

(2.38) S
If we additionally assume c = const, then

7
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~C exp(~.)1 exp(~~2 Iixp( used.
1't

er(--)e~.(- Y]~(2,.42)
t I ,

whereA

experiin

o r possibi,
or pres

P,,Cexp() + PO 1- (2.4 3)wihr

=const

tne eqt,

For determination of integration constant let us assume that when

.t- 0 the Initial pressure p KO = 0. By equation (2.143) we find

t*
(2.4110 After

Having substituted the obta ned value of integration constant in*

expression (2.143), after conversions we will ha2ve

~ ~ p(~~-+Ia-(9 ). (2.145)Y

where'l

To constant flow rate corresponds a 0., In this case from expression

(2.J45) we find 1

1Q( (246

tn~en p
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Let. us: examine one more ,approximate solution,, which is sometimes

used. Let ,us assume that propellant flow rate

?.42) = A 1/- (.2.41)

'where A' -'constant, obtained by calculation or from process'Ing

experimental, data; p 1 - characteristic pressure, as which it is

possibLe to take'the pressure before the inJectors or after the pump,

or' -pressure in-the tank.

Generally p1 = f(t) and therefore it is, better to calculate 4
43) with respzcb to intervals of time. Having taken p, = const, T1 =

-const for each interval and having assumed ,= 0, we arrive at

the equation of the chamber in the forn

en, V aF~p

.R + - P,- A PV- . 0 2 ,:48)

2.411) After separationc of variables for interval of time At we find

,ant in V "
a n dP , (2.49)

|, - a PK
PITKaK

2.145)

where p2 - is the change of pressure in interval of time At,.

pression
If we assuine

p,---X, (2.50)

(2.46) "

then expression (2.49) is reduced to a tabular integral.
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If the propellant flow rate changes according to a more complex

law than was accepted,, one should- use, equation. (2.40).

During calculation of steady state In the equation- -of the

combustion chamber all derivatives equal zero. Furth6rmore, it Is

,no longer necessary to consider the delay; the calculation equation,
T

called ,the equation of statics of ;the combustion chamber, assumes

the form calcul,

P .HOmi

partia

P(--. ('2.51) by the

YFo
This equation is -well known. It is used for determination of the numeric

nozzle throat area, if the pressure in the chamber is selected, the case t

specific pressure pulse is calculated and the flow rate of propellant

is determined according to prescribed thrust. Equation (2.51) is

used during ahalysis of the- interconnection of small deviations of

combustion chamber parameters. The expression of total differential

from equation (2.51) will be written so: moreove

dPK-~dR4~-dF L.2M dG,,. (%2-. 52).

By changing to small finite deviations, i.e., by replacihg infl-nit ly

small deviations dp-, dO, .... , by small finite, devi Ltions Ap- AO,
K K

we obtain
ind

rate of
.- GE. (2.53) frequenc

equation

Small deviations are computed from nominal (or calc!ulated) Let us e

value of parameters, therefore partial derivatives, standing before the new

them in the form of factors, are constants. Syrj)ol ap /36 i's
R

conveniently supplemented by the condition,, which is written so:I1
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I-

S 4 e

bompilex

it is
uat ion, The above means that derivative, p with respect to O should be

ume s 14calculated In the region of nominal or calculated values of parameters

* HOM1 8HO,1 etc. The complex multiline subscript for the .ign of'

partial derivative is replaced for the sake of simplicity of writing.

(2,51) by the mark *.

For further simplification of writing we will designate the
the numerical values of partial derivative through .a . For the considered

,d, the case the calculation equation will be written so:

opellaht

ns of p=a., +a 2AF. +a3&GM, (2.5,4)

.rential

moreover .

a,=( ) ( (2.55)'(2-52) (If qa2 ,.' x (,. (2.56)

"finitely a 3 =-,)( (2.57)

Inasmuch as deviations of pressure in the chamber and the flow
rate of propellant from their nominal values under conditions of low-

(2.53) frequency oscillations are small, during research of stability

equations (2.28) and (2.34) are sometimes written in linearized form.

ed) Let us examine ,equation (2.28), having accepted fl(p,) = f2(P)=

before the new initial equation is written so:

so
so: ,+P - - (h,_-. ,0. (2.58)

82



Let us designate

(60- KPKM (2.59)l F

of mass

Consequently,

'to writ
Ap~. (2,61)

Th

Inasmuch as GE const, then (Gz ) - GE Now under the
MOM HO 0 x HP

condition that e const- and 0 = const and that they are calculated

at nominal values of p .blandGt ' we obtain T

H OM by the

more ove

~t,~-A~--(GO- 0S=. (2.6?),

Sometimes, it is conVenient to calculate in relative quantities VihereI

area iri

(2.66),
(2.63)

The reJ.
The equation of the chamber is written In the following manner:

(2.65)Consequ

area,, L

In such form the equation Is used during the study of questions of

combustion chamber stability.
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2.2. 'The 'quation of Continuity for a Two-Phase f
Burning Flow

(P2.60) For derivation of -an equation let us use the law of conservation

of mass.

Considering the contemporary shapes of chambers., it is convenient

to write the equation in a cylindrical coordinate system.
(2.61)

The area of element abod (see' Fig. 2.1) is equal to

er the

dF- drrdq.

iculated
The cross section, which coincides with area abcd, is intersected

'by the burning flow, consisting of gases and liquid particles,

moreover a certain total area

(2.62)
Fx.Fwx+Fr., (2.66)

ies where Fmx - the area intersected by the flow of liquid; Fr -the

area intersected by the flow of gas. By differentiating expression

(2.66), for the element we find

(2.63)
dFxffidFm +dFr .'."

(2.64s)

The relative area, occupied'by liquid

ner:
$ d-- (2.67)

(2.65)
Consequently, the area, occupied by liquid in, section abcd, and the

ions of area, intersected by gas in the same section, will be respectively



I I'

S.,. rdqp; dFr= (-S) dr. rdW. (2.68) the cl,

the ci

With the absence of liquid SX = 0; if the entire area oT the liqu!l

section is. intersected only by the flow of liquid, -then SX = 1. flow I

sectic

During the examination of the real process, in which there occurs compbr

motion of the burning 'l6w, containing drops of finite size, oree should -ength

be guided by the finite area of an element, equal to nr.'r&P However, quant

the transition to calculation in terms of elementary areas provides

increase of accuracy of calculation and, naturally, does not introduce

errors; by designating, the integration limits of equations, it is 4

necessary to consider' the sizes, of particles of burning flow.

is sti

The time (per second). mass flow irate of gas through the area of the se

the element will be determined by equation of continuity.:

dx=QW dFrX-QWX(1--SX)dr.r4 . (2.69)

On the element of path dx the change of flow rate of gas, moving of the

through the element in the direction of axis z, will be one-di

**r**O - ~ ,~ dx T+
- ,X (dM of ge o

-- iQW(I -S,)dr.rdIdx. (2.70) liquid
Ox

drops,

Quantity dr.rdV is not a function of x. Area S~dr.rdy, occupied' by

liquid, as a result of vaporization of liquid is decreased in the T.

direction of axis x, consequently, S is a variable quantity, and equal

therefore equation (2.70) can be rewritten so:

d;,- - [(QW) - ±- (QW, s,,T dx. r. -d . (2.71)
lax aX 0

moving
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The first term of' the right side of equation (2.7l) characterizes

(2.68) the change of mass flow rate of gas, which flows through the element,
the cross ,sections of which are not constrained by the presence of

the liquid. The second - decrease of the considered difference of mass

flow rate of gas, caused by constraint of the flow passage cross-
sectional area of the element'; because of the vaporization of liquid

-e occurs components the constraint of flows by liquid is unequal along the

rne should length of the element. In section abod it is determined by

owever, quantity dF,, [see formula (2.157)], and in section efjh -'by quantity

,vides I
ntroduce d - O(SX- d. )dr.rd. (2.72)

is '

In-the zone of preparation of propellant for burning, where there

is still no ,vaporization of components, S = const and instead of

rea of the second item in the right side of (2.72) we will have

ax
dm.,=,-Qddry (2.73)- i

(2.69)
If we examine ,the motion of gas only in the direction of the axis

moving of the chamber, i.e., along axis x, then the problem is called

one-dimensional.

The radial component of velocity Wr appears under the action

of geometric factors, and also radial components of the velocity of

(2.70) liquid at the injector exit, as a result of collisions between

drops, 'because of flow turbulence and the presence of countercurrents.

'pied by

the The elementary mass flow rate 6f gas through side aehd will be

and equal to

dmt,-QW(1-S,)dx'rd9. (2.711) 1
(2..71) On the element of path dr the change of flow rate of gas,

moving in the direction of axis r, will be

86 r
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The tangential component of velocity W is caused basic)lly by where

the vortex motion of propellant Components at the injector exit. coinc

On the element of path rd¢ the change of flow rate of gas,

moving in direction W4, will be equal to eleme
will

dr ,- di?+ d,F '

0 -'(W~~Jdxdr-rdP. '(2.76)

Let us note that product

dxdr.rdip-dV, '(2.77) prope

cross
i.e., equal to the volume of the examined: element. of li

,, i,.

The total change of flow rate of gas in the element will comprise

(QW') + --L --" " r (QW,/ ] V ')J then

= [da(QFV)- fv (QS)IV. • (2.78)

In the considerations given above we did not consider the feed of

gas to the element as a result of vaporization (or diffusion), of t e
liquid. the el

of liq

Let us examine the relationship, which characterize the transition 
(2.81)

of liquid phase into gaseous inside the element, 
r and
vapor

The propellant flow through a ring with width dr, chosen mentallyfo

inside the chamber, located peroendicular to axis x, will be

(27)can b
e lemen
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by where Gx - mass flow rate per second through the section, which

coincides with side abed-.

If on the, considered ring with angle d we separate <the-

elementary sector,, then the flow rate through this elementary sector

will be

d23 z= 4" :G dr.rd*.
Or - (2.80),

.76) The feed of gaseous products on path di will comprise

dLet s (note O r. jdx== MIX A2
ax or.ro oxar.ro&

Let us note that as a result of the uneven distribution of
.77) propellant along the cross section of the chamber, the change of

cross-sectional area of the chamber along the length and burnout I
of liquid components the flow rate G depends on coordinates r and,

0, i.e., Gx(r, *).

omprise

If we similarly examine the flows, directed along other axes,

then

d IG,= -_ a r2 , (2.82)
.r r Ox-r4y

2.78) d3OV= 1 (2.83r ay Ox~rd (.3

In formulas (2.81), (2.82i and (2.83) some aerivatives determineIfIthe elementary flow rate, and others character'ize the vaporization

of liquid propellant. Derivatives with respect to x in expression

(2.81) characterize vaporization, and derivatives with respect to
ransition r and 0 - elementary flow rate. In equations (2.82) and (2.83)

vaporization is characterized by derivative for r and derivative

for 0 respectively. Iment ally

The vaporization process of liquid, which is in the element,

(2.79) can be local, i.e., nroceed with time. The volume of liquid in the

element

88
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dvv-!dV, (2.84) I

its bu

where X- relative Volume, of liquid.

The~ local change of liquid- mass in the element

T, LQ.dZJ=-(.y) dV. (2.85)

The total feed of gas in the element, caused by propellant Eqi
evaporation, will be

proves

considei
~2dV=[ ~n this

(2.86)~ energy

r a? axr jVof the

pressur
By using the derived relationshis,, let us arite the equationthop

of burnout curve, which is the ratio of formed gaseous products to tnhstpe

the initial quantity of liquid propellant. Being guided by the ~ ihl

flow -rate per second in a one-dimensional form-Pulation,, let us write
of th6 j

the R~ow rate per second of liquid, passing along the whole sect ion:
increasE

0 0 volume

where r K- the radius of the chamber. The quantity of gaseous product-z we detei

XQned on path- x, will be equal to direct i

(J ~ Ox O~7~rrdcdx (2.88) where C

particl]

Thus, the one-dimensional equation of' the burnout curve takes the designal

form

Ox 6r -ra3.
012 rx (2.89)

ar ra? d~rh
0 0
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Ifw aeinoacutth oa hng o.asoflqi n

br~~~ - -O d a

(2,8)provesw te oveinto rtte 1&cal cin zof massnot lcuide andile

iterg urofthin all.in diropelant.. Duighenmntlcosruto

(2 86 1' 12 0 1

t Eq,,uain (2.90 charactnerdersooi the burnout f*as urvemesint

prvstaecovnett rieteeitinoounu crenhl
consideraing themrultiven enaer which is reaed aprin otropelnt

in-tis. cas we aregidediby thes eqution of lrhae ofd cosvain of

eneigy ofad te burnleing ropelant.surng expeomentf coution
(2.86) of the bunucte cureo as the iniiaprathepreswue frqntly thakberte

thcaes pean combusto camer therei u fedalprtueo.ro~j~

tsto) in- s fin the b peginngtis por ti'ni rated ao d is veapizd

he wicluead to somei lowheern .ofpesue.A the atome'ntiofcobusio

s prodcts, ow dterinete portio of rop~ielantthe ocpreure ii in theme
diretotofoxinx

I a2G

(2.88) Lheet us fin thpoecto expressionsfordetfrmiotion of theirqi.

X 1

particles to axis x. For simpldici~y of~ wrltilng we will subsequently

takes the designate **

=qx. (2."92~

(2 .89)
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3 I I

I 3

I , I I .- 3
The expressions, analogols 'to equalities; (2..91) and, (2.92Y: are easy For the

to write .for other directions.
I I I S

if in the direction of each 9f the axes the values-of relative

areas ar ndt changed, then for detei-mination or the relative yolume E

of l.iquid wj find i calcil
I l , I I•

of -1he
' " , .+ (S%s,, , • '(2.93)

Ior i !* ;!Th

'o _S ", . , n i t o I

.q, q
,%=\ , element' : (2-.94)( ; , 1)-same ti

ith 1 
5:in the

With change of relAtive a'ea its average value in the direction of

axis x foriany selected y olume will comprise •
:~~a of pr ,• f

S. S3,d;.r, - dx dr rd. (2.95) f
;2 rxn this

I this instanCe, the ,relative volinme, ' ,
I A

(2.96. )
,~~e P A ;u ,

o a b
Let us continue the derivation of equation of con _nuity. Let and ref

us, write an expression for determinatibn of the change of quantity of which d
It I wh ch d

gas in the element with time., According to the law of conservation
of mass the time cAange of density and relative volume per unit -of time.I I I Le'

wi~l be Le

(h;, f , ILe
,d';,- dii, di 1  01 , Z)] V. (2.9-7) assembl

'the prel
By using expressions (2.78), (,.86). and (2.97'), we arrive at the' volume

the ecuatlon of continuity for the elemen't: : a i, ,vap o riz

there I.
(1( - z)J+dlv( )-dv (QW)-=0. (2 9 8)

a93 I I
3 I|I !

A : 3 A 3

I II

U

"F 3 I. *

3 1 I

A I 3
. . . . . . .. . .. . . . . . .. . . .- -..-



>easyFor the whole vbi~ume of the chambir we have

1 '~ 0'- tf-)+di ~~ -'dv(W)-dV =O. (2.99
.1%;e -V

)iune Equations of typ& (2.98) and'(2.99) are convenient to use during

calculation of p-np-liqpid versions of combustion -chanbers., when onej

of th6 ,components -is fed: in gaseous, And the, other - in 'liquid form.
V",9

Thus,, the change of density and volume of gas in the-element per,

unit of time,- plus the, change of mas f gas, wnhich, flows through, the

,element, are equal,' to the mass of gases, which are formed during the1
2.9~I)same time as a result-of vaporization of liquid propellant, which is

in th6 element.
of,

If it is necessary to take into account the speciAfic character

6f biropellant, then for each-component 'Si, Xi and Q. must be known.
2-

2.~95 i this case equation '(2.98)'takes the form

[. 1 -X, -72)]±dv(QW)-dlv [gW (St+S2)1"-.21-2 2 =O. (2.13

2.96)A neculiarity 6f equations of the law of conservation of mass

for a burning -flow is the presence of function , which~ characterize
Ltand. reflect the constraint of gas flow by liquid, and functions,

.ty bf which 'determine--the feed of gas due to vaporization of components.
ti~on

/ o tmeLet us examine two extreme cases.

Let us assume that in the area adjacent to the injector
.9)assembly, the vaporization of liquid can be disregarded. If there only

the preparation of -Oropellant for vaporization occurs, then--the relative
le volume of liquid, phase X is constant. Inasmuch as there, is no

vaporization (or diffusion), then S =const. Inasmuch as, fins.lly,

there is no mass -trans fex betoween liquid and gas, then 0 0.
'2.98)
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After the termirnation, of, burning, in the area where liquid for bounc

,phase is absent X 0, S = 0 and Q = 0.

Thus, the equation of continuity assumes the form

__ Q+div(QWfr. '( 2.O) The
(voluot X
action of
determina

2.3, Equationsobf- Moti'on of Burning Flow

Let us examine the previous element of burning flow and the

conditions of motion of gaseous and liquid component. The mass of

gaseous phase in 'the element where g-

mr=IQ(1--X)dV. (2.102) -

As
Fov.0' his mass. the law of change of the quantity of motion in and expan

'the projection to axis x will give force, th

1Q 0 -X) v (2..lO3)
V

The proje
Equation (2.103) considers the change of mass (I-%) and the

change of velocity w Integration is performek' depending on the

formulatioon of the problem either within the elemnent, or within the

selected volume of the chatoer. For the entire chamber the integral

in expression (2.103) will be written so: where v

' e(I -X) W~dV;

for a certain volume, limited by dimensions r and Z, Item -_

2f

(I -y) W.,dV

0 0



I

quid forboundary layer with thickness r - r on section - z i

Or I

The, forces, which move the gas flow, are made up ,of mass
(volumetric) and suiface. The-mass forces appear as a result of the

action of external 'fcices. It" a rocket is n flight, then foP

determination of the projection of mass force to axis x we will have

,,d the S( ) (jg,) W, (2.104)

miass of /
where g-- ad6eteration 6f gravity; j - acceleration of rocket flight;

g1, !j - their projections to axis x.
(2.102)

As a result of theloccurrence of the process of gas formation
,ion in and expansion of the p oducts of burning there appears surface

force, the projection kwhich to axis x will be

(2.103) (1 -~= (-S,) L- dV. (2.105)

The projection of ,'iction forces to. the same axis will be

-d the

on the
ithin the Tx- Q(1-7)v (L-L 2- divWl+v2W,)dV, (2.106)

e integral
/'

where v - the' coefficient of kinematic viscosity;

o2X (2W, o 2Wr 1 1 OW X.1 1 62W

r2 ' r r 2 a7~2

item - a~v considers the compress ib lity of liquid, moreover
IOX

div V + ... o
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As a result of interaction between the drops 6f liquid and gas

aerodynamic forc'e appears. Its projection to axis x in the examina-

tion of one drop will be equal to

A,=- Q(,c - 2 . (+ (W, .do8

Coefficient. c is determined -by -conditions oof motion., it depends
bastcally- on the form -of the -drop, verocities W' and C , parameters

of propellant components and gas; for prescribed burning conditions It 4

it is considered depending on the Reynolds humber, 'us note t

The area of the profile (frontal section) of a flying drop

nr2r (2 109) Formally,
additiona

where i- - the value of the radius of the maximum cross section of

a drop. If in the element there are, n. identical drops, then

, (2,. 110) However,

If there are n drops of various. size, then
n

) 1O . (2.11i)
0 -which be(

Function a Xn) should consider the distribution of dimensions aX in of elemer

the element.

If we consider direction X, then the balance of projections of

torces will be written so: The

the forc

PxFx-Ppi x--ix. (2. 112) in eleme
augend c

By substituting the obtained expressions in equation (2.112), we in the e

arrive at the integral expression for volume V, which characterizes

the motion of burning flow In the direction of axis x:

95



gas
mn- ,- Q(I -) WdV= ,(j., +g) (I -Z) dV -

V V

J(1-Sj P dV.,- ±dvW+TVW1 )dV-.13 -4
V

'.108) .- ~I~ v
2 dn W2;.11

'V

lepends,

ters
It is simple to write the equation in diffe4'ential form. -Let

us note that

IQ~_ Q(Z ] (, Z l''l A4)

:2.109) Formally in the right side ofequation (2.114),there should be one

additional, item

Lon of
di

2,.110) However, with integration we obtain

which becomes zero, inasmuch as acc6rding to the law of conservation

i in of elementaryj mass [47]

'd (dm) = (- dV)=0.
T, di

is of

The addend of the right side of equation (2.114) characterizes

the force, equal to the product of the current value of mass of gas

(2.1.12) in elementQ(-x)by the component of derived velocity in time. The

augend characterizes, the force, caused by the change of mass of gas

12), we in the element. In a cylindrical system of coordinates

rtzes

OW +g d j'J- 1  AW" +--.t(.3
&1 d1 0 r r
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Thus, the equations oP motion in cylindrical coordinates take Let s r

the form

*O x~ OW *r' 1-X

1=E ' +v 3 jdlviW+V'WZ -

I emax
2 1 - dV(2.i16 )

where dn/dV - the density of distribution of drops along the volume. In o
orojectiol

In projections t6 other axes we will have velocitie!
should be
efiter witi

OL W . , 1 W2 . W, (2.118),-F,+-W I w, +O w,4 W 7 -L- ° ---- i=(j,+g,)- ' •at O X ' OF r r _' consider

1P .(_W, ) T (2.117)Q I--- x * r 3 r 2,

S,,0(w,_c -2 c)
2 O---1, r v

owa_|Tax Or. W' w  , w. 4, r r_ 0_0'W,

, -L p. A-.V(--divW+ V2W,)
Q l- r4 3 r4

C- W,0 C) (2. i.18)
2 1--- ~ dV-

If the area of preparation of propellant for vaporization is

considered, then in the equations of mot-on we take S. and X as
constants. In the third zone, where there are no liquid particles as The
yet, i.e., S. = 0 and X = 0, equations for gas will take a well-known terms, wh

form: thermal p
tion of m

U.p + .)- L V( -L d~W 2W. phase. Ll
(2.120) 

friction,
Lr +\ 3 ' become he
Lop v l r" (-3 -- (' v W _-} V= / V/, , ~ (2.121)

r F 3 rb?
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take ~Let us recalltht'nteclnrclcodaesyem

v2Wo t2xt2W+.

djx? Or2- r Or -r2 4j2

V?..=02I,.02W.+_.I0,W, +V,.L 020,. 2 W;'

OXI dr2 ' -a 2 r2 41' ~2 a

v2,02,O .P!+_L W,-Wt+± _L !- ;
(211) 2 ar2 r Or r2- _r

2 OV2 r2 4

volume. In order to write the equations for liquid phase, insteaddof
rroJections, W. it is necessary to take the proje-etions c,. of'

velocities of liquid particles. Quantities (I !- S.i) and (I r X)
should-be replaced by qj and X respectively-. Ballistic forces will

enter with opposite sigh in comparison-with (2.116), (2.117) and
(2.118), and friction forces:, acting in liquid particles, are not

considered.. Thus, we obtain equations,

(2.17)$~ai h.,dn* (2.122)
,(2.17) LP+- (W.,- C.,);

X-Q X aX 2 % x

C, OP Lj4  (w, __ , (2.123)
X, O0r 2 xdV

(2.

+ _- !L ~(W, C,,J(214
(2.18)rx x Xr4 2 % dV (.2~

2.4. The Equation of Law of Conservation
on isof Mechanical Energy

as

.ticles as The general equation of the law -of conservation of energy contains

eli-known terms, which characterize both mechanical energy and the energy of
thermal processes. Let us examine the equation of the law of conserva-

tion of mechanical -energy for a gas flow, not containing liquid

(2.19)phase. Let us exclude from the examination the forces of viscous

(2.120)friction, since with, their presence part of the mechanical energy will
(2.20)become heat -a phenomenon called dissipation of mechanical energy,

(2.121)
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As Initial equations, apparently,* we should take Th us

a takes the

ax

Ip Somet

By multiplying,*the fight and left sides of the equations by the

appropriate velocity components, we obtainI then
Q O~x

I ap

W7 There fore,

After term-by-term sunmiation we find

g ~ax +aP ~Consequent
It is easy to check that the Change

t*fXW/+ /W W,±+ WY,w= (W2)., (2. 128)
2dt

By using the rules of differentiation of derivative, we find If pressur

ax sd ' ara r ar

taw Ow awq
a(P k ax r 'ray r

=div (pW)- p dlvW., (2.3,29)
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Thus, the equation of law of conservation of mechanical energy

takes the following from:

--(W21 -, . jdfv.(pW)- p div WI. (2.1-30)

(2.125)
Sometimes it is convenient to have equation (2.130) in another

form. inasmuch .as- 
4

by the(23)

then

alp W, + P., W ., + LP a(2.132)

"(2.126)
Therefore,

F dp

2- TI, W) ( +g1)U W1 \a (2.133)

-If we do not consider the action of external mass force, then

instead of expression (2.133) we will have

I. dW2= a2.p )
(2. i27) 2 dt - k T,

Consequently, the change of kinetic energy of flow is equivalent to

the change of convective terms

(2.128) Pw ar ' - ,; 'r

find If pressure does not change with time, then OpiOt=O.

If we consider the problem in one-dimensional formulation, then

(I (CW2), + (Jg) dX LP (2. 135)

2 Q

(2.129)

,10
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By integrating, we find

2- 
(2.136)

2,

For an incompressible medium we will have

* -- P- -- '(2. 137)

The relationship between the Velocity and tpressuie for

a compressible medium-will be obtained below [see equation (2,.182)].

The
Let us return to equation (2.1-30),. After multiplication by change o

QdV and integration we find terms Of

forces oL)W2d' dV - Q' I.U , )W d

27 dt Integral,
V V Imcoprei
k-_ liv(plh)dV+i pdiVWdV. (2.138) sign, bu

last inte
According to Gauss for iula [50]:

Sdiv(pW)dV= pW,,dF, (2.139)

where F - the surface, limiting volume V; W - normal velocity The

component.
in a unit
gas, to cl

Thus, integral (2.139) characterizes the work of pressure forces, gatoici
nertainin

applied to surface F, pertaining to a unit of time. The last integral

(2.138) characterizes the work of oressure forces, pertaining to The

a unit of time and spent on the change of volume V. s equal

The equation of law of conservation of mechanical energy of a

flow, containing liquid particles, will be written in the following

form:

whe re Q G

burning;

conduct I vi
exch ange;

of dissipa

it 10i



1, d

.7 F _A3.Cd

T~ ~ ~ ~ , I1XWd-2d.J

(2 .16

+ (1y~pdvW4 2 QXlCdV ,' 4)

j 21) -( ~4vp)d- dv(t)V

The two terms of the left side-of the, equatioOp bharadterize he
by change of kinetic energy of gas and, ):quid'-with time, The first two

terms of the right side characterize the action of externa-l miass.
forces on gas and on liquid. respectively. The v6alue- of subsbquent

integrals was examined above. It liquid can be- 3onsidered

(2.138)imcompressible, then the density of liquid is taker! as -the integral

sign, but inasmuch as when em const the volume does.-not change, the *

last integral. of (2.140) becomes zero.

(~~9)2.5. Equation of the Law of Conservation
(2-139)of Energy -of a Burning Flow

The totil amount -of heat, obtained by the element of burn~ing flow

in a unit of time, is- equal to the change of internal energy of' i'

,gas, to change of heat content of-liquid and to work of gas expansion,
forces, nertaining to the same unit of time.

integral

to The derivative from the quantity of heat, obtained by the e'lement,

is equal to

of a JLQdV=-- Q+,,-,dj
owing WI V di +V +R~v] (2.141)

where Q the qu~antity of heat, which is liberated during propellant

burning; Q.H the quantity of heat, applied to the' element by thermal.

conductIvity, by flow of radiant energy or due to convective heat

exchange; QR - the quantity o" heat, which was liberated as a result ,

of dissipation of mechanical energy.
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-I A "I A
A1 ; I I A

With combustion -of a:.unit of mass of propellant in; -the .combustion ,, i

. .
r dA

chamber" there is lbrtdQheat,; ,the transitionl o'f lidulid phase:.lInto ;rC~
-" n e  f!i,

gas4eous as was shown above, is characterized by function . £

Consequently, ;, c ,
I A I A

d '.' di
I * V V 1

Tle :supply of h~at due to! thermal con.ductivity shoul'd
' ,-" ,so [941

-'d 0, w TrQ" t
; d Ox a

OT :1-]dV. (2.1143)A11
if it is mgie convenient to describe hbat -exchange in a spherical

I * " ,h

c'oordinate system, then T, . . ,
'the fi.

. velocit-
d _ UOV= (XOT 26i 10 a )7TTrU6,) +r Orr +r r2 0'O

COSVO, 1 0Le

r2 .in. '", *J . " ' between

With ot1 of the
theass

With (1her typues ol e exchange between gas and liquid equations the

(2.143) and (2.144) should -be approprihtely' exchanged.

, Dissipation - the process which charac ;erizes ithe transition of

mechanical ernergy into heat. 'In a burning flow three types oit dissipa- Ac

tion are, distinguished. First, there isconsidered the part of the

work, which norinal and tangential components of forces of friction

perform in a gas flow. Secondly, supply of heat takes place as a

, result of friction, which appears, with deforrhati.on of liquid pafticlee. a• Hating
. , The thlrd type of dispipation considers heat, which is liberated as . (2.149)

a result of friction between gas and liquid particles.

Th us I

-Af vdi- . (2. 145)

?..
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ombust~on Where Ur - the friction coefficient for gas,; v - the
friction coefficient for liquid; V -the -coefficient which characterizes

phase into
the friction between gas and liquid .particles; *0 .- dissipative

functions, moreover

(2.146)
(2.142)

For determination of the dissipative function Or for gas one

should use the equation, which in Cartesian coordinates is written

so [914]:

(10[)21+( (OV+ +V,)

(2.143) . = 2 ax _ ' W 77 4, way

"+ q _ ,) .i (M" - J ", 2_ -W -W.)1 2j, - ."(2.147)-
of otz ) az 'x) 3'ax'O a3

spherical

The second dissipative function can be written by 'analogy with

the first,,having substituted components W. by the appropriate
velocity components.

(2.144) Let us determine the heat, which is liberated with friction

between liquid and gas, i.e., with mixing of flows. The equation

of the law of conservation of energy for a certain volume V under

d equations the assumption of complete alignment of vel6cities will be written so:

I Q(l-X)W ' dV+j _y (2.148)

Ition of

of dissipa- According to the law of conservation of momentum

of the

iction Q(1 -z) W4-o.xC=-QoU. (2.149)

as a

particles. Having substituted the values of total velocity V from equation

ated-as (2.149) in equation (2.148), after conversions we obtain

.. [ -0- o dV. (2.2 50)

(2.145)
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The value of tfe dissipative function is determined from equation i!

(2.146). Equation (2.150) shows that in the initial period of equatio

burning, when X = 1, just as at the end of the process, when x then we'

dissipation is absent, which is entirely evident. The -greatest thermal

effect will be when .X = 0.5. If we are ,guided by the average value

of relative velocity, then

Q.,L--12.5 (W- CpV. (2:. 151)

The change of internal energy of gas, and' liquid will be

(ev7)d = (?(II)cvTdV-)d Qc.,dV. '(2. 152)At. dt.
m V V

The work, being spent on change Of the volume of gas and liquid,

in the case of consideration of the compressibility of' liquid will be
Lei

(2. 153) (2.155)

By equating the heat applied to the element to the change of

internal energy and to work being spent on deformation of the burning -By : 1 nj

flow, we obtain a general equation of the law of conservation of
ene rgy/:

d t Ql' .Q,IV 0 I -)r(-X)'1dV-+ we find

V V

OI- dV -I- \ 1 \QV 7-))cvTdil+
V I I

+ d .,- ,,T,., - (1 --7) p (1fv , V .Let us
dt (2,154)v t' it

He-re all quantities, which characterize the supply or removal of

heat for the burning flow, are calculated for a unit of volume.
With re,
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Ion itf in this equation we convert the last two terms, u~ing

equation (2.130i of the law of convervation of -mechanica.l energy.,
0, then we obtain

;t thermal

vdlue-

- V ,

(2. 151) +--j11xc2 .d V -Y U, +.\Qd-xwdV+
V -V

e.+ .Q.TdV + e I () -df(W~dV + 'dv.pV(25)

liquid,

,lill be
Let us examine the integi'ands of the last two terms of equation

(2.155). As was shown
(2.153)

div~pW=qP2&pd~vW7. (2. 3.56),

Sof

burning By usng the equation of continuity in the form
,of

Q+QdIv W=O, (2.157)

we find

,p div(2.158

Let us add to the right side of expression (2.158) and subtract from
(2.154) it

of d

With respect to the rule of differentiation of fraction

Qy~(- P - PQ. (2.159)
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Consequently,

-TPdIVW- ( (.. 16o)

and further-

di (2.161)

Let us use, the equation of state

p=QRT. (2.162)
The int

Consequent ly,, can be'

div(p)=Q (RT) - (2.163) Th
di i.e., r

As is known,

Th

cv+±R=cp. '(2.164) energy

first i

Thus burning

Ar -X)Cv7dV' I (I-y) dlv (p) dV= W

v v S=0.

-a SQ(l-Z)TdV+\(1-7 )dV. (2.165) area of
v v It is

found ,

For the case of compressible liquid analogically we find gaseouE

-71 due tov v

dt Qyej.adV + o x P W. (2.166) vapori:

vib subv

By using the obtained relationships, we find

1
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W j-QodV+Z Nd-
VV V

Q( .- Ji1,)Lv Ud ) ,TdV

V V

2.6)+ QgX7.j+,dV=-,d~j Q(1X)odV

V V

+-, .cT+ -L -A- w.XC -yVIWdV+
2.!61( d#62 d2 di"

V V

2.162)

The integrands in equation (2.167), depend on coordinates, i.e.,, they

can be different for various points of intrachamber space.

12.i63) Thus, for instance, the gas velocity, is a -function of:x, r and *,
i.e., W(x, r, *).

The left side of equation (2.167) characterizes the supply of

(2.164) energy to the burning flow, contained in selected volume V. The

first integral determines the supply of heat as a result of propellant

burning.

Where the preparation of propellant for vaporization occurs,

= 0. Inasmuch as burning is also absent, then Q G a 0. In the

(2.165) area of vaporization and burning QG reaches the greatest value.

It is closer to the nozzle, where only the combustion products are

found, the thermal effect is caused by chemical transformations in

gaseous phase.

The second terni characterizes the supply of heat to propellant

due to heat exchange. In the area of preparation of propellant for

(2.166) vaporization the heat exchange is the determining process. Further

it substantially affects the intensity of vaporization and burning.
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BY usi
The last two terms of the left side of the equation cdnsider

the supply of energy, caused by the action of external mass 'forces.

The first two terms of the right side of the equation show the Cohse4

change of gas and liquid.enthalpy with consideration of the change

of quantity- of available liquid. The following two integrals character-

ize the energy, being spent on change of the Velocity of gas and

liquid particles. The last -term of the, equation determines the local Ifiasmu

l(time) change of pressure in the cof.bustion chamber.

By using equations of' continuity (2.100).,. motion (2.116)j

(2.11-), (2.118), (2.122), (2.123), (2.124), law of conservation we obt

of energy (2.167) and equation of state, w6 determine W., C., p and p.

The remaining parameters, entering these equations, are assigned

in the form of numbers or with the aid of additional equations.

This e,

Let us examine particular cases of utilization of the equation of adi.

of energy. values

equati,

With the absence heat-mass transfer and not allowing for

external effects the equation of energy of gas flow takes the form

cic,7v+ dV=O.. (2.16 8) D
v burnin,

heat e
By using equations (2.160), (2.162) and (2.164), we find

-L cTdV-\pdV=0. (2.169)
V v If in

Let us divide integrands by p. When the integrands do not depend substi1

on coordinates or they are taken in the form of average values, we

obtain

d(c.T). .]70) By usi:

of arb,

for- rh(
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BY using equation of state, we find

d (c7T) -dp'

RT • ( .171)

Consequently',
e "

Cp dr  C dp "
racter- T(2.172-

ocat Inasmuch as the adi-abatic index

we obtain

nd ,.
h dT _d ..Ld...p
k + --. (2.173)

This equation describes the process with consideration of the change

on of adiabatic index. If we are guided by the average and constant

values of adiabatic index, then after integration and conversions of

equation, (2.173) we arrive at the adiabatic equation in the form
k-i

r ( w (2.174)

.168) Let us write an equation for a zone,,where vaporization and

burning of propellant were finished. W.hile not taking into account

heat exchange and the action of external mass forces we find

-1d WW 7, Q~V LVO (2.175)
S169) V V V

If in any section the pressure is not changed with time, then, by

depend substituting the average values of parameters of integrands, we obtain

d (W2) + d(cpT) - O. ( 2.176)

2.170) By using equation (2.176), let us examine two sections of a gas line

of arbitrary shape. According to the law of conservation of energy

for these two sections

i.0



Let us

r.712(2.177)Le

By using the equation of state for Ideal gas For det

P=QRT (2.178)

and known relationship, Thermal

c,,-c=R, (2. 179)

we obtain By usin

R, c1, '&~ kcp= '.--Rev "k --- (2. 180;)
vv CR ¢1 -v --1 "

Consequently, where

k- L . (2.181)

Thus, the relationship between pressure, density and the velocity of
the moving deformable medium takes the form Pa - no

content

1VP k i (2.182) losses,
-- k-1Q 2 k-I kj which i

we use
or

W+ k---- coA. (2.183)2 k-i g

In this
For determination of the efflux velocity of gas from the nozzle let us
integrate relationship (2.176) and we find

W/. V 2 (cT), - 2 I T) '. (2. 184)

In engi

e f flux

by rep'

formul

& = = , M m m m,



Let us designate the relation'ship of heat capacities through

12.177)

Cp . (2.185)

YFor determination of the efflux velocity-of gas we have

( 178) W. =V2Pe.TM. V) + WZ (2.186)

Thermal efficiency

(2' .179- (2.187)

By using adiabatic equation (2.174O , after conversions we ob~tain

(2.180) W. 1 2cKK'SW,2, (2. 188)

where

(2..189)

11ty of 
PKi..9 Z. 219

Pa -nozzle exit pressure. The product of cp,(TH is ecjual to the heat
content of gases in the chamber i K' If we do not consider heat

(2,.182) losses, then the heat content i K is equal to the quantity of' heat,
which is' liberated during the combustion of propellant. Sometimes

we use relationship

(2.183) 
IR.(290

In this case
le let us

W.=1/ 2 kjRTK.+Wl. (2.191)

(2.184)

In engineering calculations we consider the deviation of acutal

eff'lux conditions from calculated by the velocity coe f'ficient or

by replacement of the adiabatic index by politropic Index. Calculation

formulas have the form

112



W*~ 'Jk-IRgI 1 W (2.192)
prrpe1 1c

or

W 1/2- Rnt + W!. (2.193)
Swhe re iJ

where n - the average value of politropic index.

In

In actuality the politropie index is changed along the length of

the combustion chamber 'nd nozzle, So that n is a variable, depending
on the distance from the injector edge to the nozzle exit section,
i.e., on x. The average value of politropic indexFo

Xd
=n n (x) dX. (2.194)

0 ThO

When performing engineering calculations the second term in depends'

equality (2.193) is disregarded, inasmuch as W,2>W*.

For

Then propella

of compo

- RT wWa= 2_ r n . (2.195) k-I

In,
The adiabatic and politropic indexes are connected together by ature of'

relationship const t

Sk ,n

. - . . (2.196)

Hence it follows that Re

burning
(2.197) chamber

'k forces,

With the absence of losses 1 = and then according to relaton- resultan

ship (2,197) n = k. In the isothermal orocess ka I and n = 1 at any opposite
\ :" s urroun~d

values of €.
is affec
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Sometimes it is convenient to determine the efflux velocity

'(2.192) through quantity of heat Q, which is liberated in the chamber during

propellant combustion. With the absence of losses

(2.198)

,(2. 193) where i=cpjT, - the heat content of combustion products.

In this. case

Length of i-RT. (2.199)

lepending -- I

,tion,
For determination of the efflux velocity of losses we have

W.= -,. (2.200)
(,2.194)

Thus the efflux velocity of combustion products from the nozzle

,in depends on three factors.

For increase of the quantity of heat Q, which is liberated during

propellant combustion, one should select propellant and such a ratio

of componehts kl, in order to obtain the highest value of complex,

(.9)RT with prescribed pressure in the chamber.(2 .195) k-1

In this -case it is expedient to have the lowest possible temper-
ther by ature of combustion products and the highest possible value of gas

constant, i.e., low apparent molecular weight.

(2.196) 2.6. Reactive Force and Thrust

Reacthve, force R appears as a result of the interaction between

burning flow (gas flow) and the interior surface of combustion
(2.197) chamber and nozzle walls. Reactive force is made up of elementary

forces, normal to the surface of the chamber and nozzle, and the

relation- resultant of these forces is directed along the length of the axis

1 at any opposite the direction of motion of gases. If the pressure of the
surrounding medium is nonzero, then the external surface of the chamb'er

is affected by elementary forces of external pressure, normal to the
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external surface of the combustion chamber and nozzle. rhe

resultant of these forces P is directed along- the axis of the

chamber and coincides with the direction !of motion of gases,. The

total force effect on the interior and external surface of the The w

combustion chamber and nozzle is thrust

P=R-P,. (24.201)

By, us

The thrust vector

(2,.202)

Now,
Let us determine the reactive force. The vector of surface expan

forces, applied to elementary particles of flow on the interior equal

surface, limited by the walls of combustion chamber and'nozzle being

-pd F S j.(+ l (2.203)

the e

where 1e ft

totalF= F + F,,;
mass

the i

F - the interior surface of the combustion chamber and nozzle; el]eme

Fa - the area of the nozzle exit section;

p - modulus of pressure; n - unit vector, normal to the surface;

K the cur'et value of pressure in the combustion' chamber with V can

nozzle; pa,- the pressure of outflowing gases in the& nozzle exit unit

section. unit
There

The first integral of the right side of equality (2.203) volurr

characterizes the action on the gas flow on the part of walls. The

equal in value, but oppositely directed vector is the reactive force.

There fore,
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the d=- F. (2.204)

. The

t he The work of the reactive forice pertaining to a unit of time,

L =--SPWdF (2.265)

(2.201) K

By using formula (2.,139), we find

-0R -dlv(p'(W)dV. (2.206)
(2..202)

Now, returning to equation (2.138), we note that the work of

,irface expansion of gases taking into account the action of mass forces is

)rIor equal to thekinetic energy of outflowing .gases and to the work

.zle being performed by the reactive force.

(2.203) For a closed internal contour of combustion chamber and nozzle

the -effective force on the gas flow is the integral, standing in the

left side of equation '(2.203). In order to obtain the expression of

total internal force, it is necessary to take into account the external

mass forces, affecting the gaseous and liquid products, moving along

the internal cavity of the combustion chamber and nozzle. The

,zle; elementary pulse of total internal force

dl=.p r+e(-)j~~v .I(74;-~ Idi. (2.207)

'face; Gas and liquid particles at every point of the internal volume

r with V can have different density P(x, r, €) and p (x, r, 0) and various

exit velocities W, C. The relative quality of liquid particles in a

unit of volume also depends on coordinates, i.e.., X(x, r, 0).

Therefore, the change of momentum of the gas flow,, which fills

3) volume V, will be

Is. The

ive force. dL--d (,)i'/V .,;CdV}. (2.208)
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. .........

t By equating the pl,se of force dII to, the change of momentum dO and The se
considering equations -(2.20) and- (2.204), 'we findwiht

system
dri'only al'

' 7~~'~.t3Q4 L +t th rough

za(+I)d- - ,Z 7j d - PdF. (2.209) (2,.212)

if we di~regard the effect of liquid particles, then inexpression
(2.200) one-sh ould take X = 0,-. in this case for determination of
reactive force we will, have The mini

dire ct4

-7 e V+Q.T )d F (2.210) reactiv(
tV .

The firist Integral of the right side of equation (2.210) can be

presented by the sum of [57]:

d ~ W ~ d.a ~ d is equal
(2.211) through

measurec

j During examination of stationary conditions the augend of the right equal tc

side of equation (2.2111) oecomes zero. the addend, of' the rightTh
side of' the same equation corresponds to Internal surface F, It can eult
be represented by the sum

SeWdFP= dP +WWI.LdF+ r WWdF +

+ V FVe locit i
QW~adF,(2 .212) from the

of densi.
moreover

FFR + F + F.
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dO- and The second integral of the right side of equation (2.212) is nonzero

with the presence -of outflow or inflow of mass, for example, from a

system of film protection, of the chamber wall. In the flow, directed

only along the axis of the chamber, in the absence of liquid feed,

through openings or slots in the chamber wall, Instead of equation

(2.209) (2.212) we will have

QW2F 2QWdF--I Q iWdF. (2.213)
vression QA

t.on of
The minus sign for the augend of equation (2.213) is used because the

direction of velocity W is opposite the direction of the action of
a

reactive force. Integral
(2.210)

an be QW. dF=G, (2.214)

is equal to the inflow of working medium into the combustion chamber

(2.211) through inlet openings, whose total area of useful cross section,

measured in the plane perpendicular to the axis 'of the chamber, is
equal to F.

the right ex

right The flow rate of gases through the nozzle exit section F is

F, It can equal to

Y LQW.dF = , .. (2.215)
F"~

Velocities W9 x, W and density p generally depend on the distance
(2.212) from the axis of the chamber. If we are guided by average values

of density and velocity, then

QWIFs,-G,,; (2.216)
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In thi case, if G , then Integral

-eWW- W,,). (2.218)

if we consider the intake velocities of liquid or gaseous working represeni

medium; into-the combustion chamber W,<W, or if we determine the changed ,
magnitude of reactive force not for the chamber alone, but for the chamber,;

entire power plant, then

"QW2 (IF =--G.W.. ( 2.21]9 )
F

The second integral of the right side of equation (2.211) Let'

reflects the peculiarities of nonstationary operating conditions pressure
total ve

of the combustion chamber and nozzle. In fact,
external

chamber
QdV==m (2.220)

V

Is equal to the mass of products, filling the internal volume of the
chamber. If all this mass as one whole would move with variable

speed cr then 
where

2iWdVI,",W.cp. (2.221)

PH - moe,

In actuality p(t, x, r, $) and W(t, x, r, 4). In one-dimensional directec

flow p(t, x) and W(t, x). In this case combustJ

integral

d ( d(sign, i,

where - the distance from the injector assembly of the chamber The tot,

to the nozzle exit section.
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Integral

(2.28), ,5'QwdF=o, x (2.223)

rking represents mass flow rate-, which under nonstationary conditions is

e the changed with time and is different for Various cross sections of the

or the chamber and nozzle. Thus,

V[Wtt= dV (1, x)dx. (2'.224)

(2.219) V

1) Let us determine the resultant of elementary forces of external

ions pressure. Let us write an expression for the determinatibn of the

total vector of surface forces, applied to elementary particles of the

external medium on the part of the external contour of the combustion

chamber and nozzle:
(2.220)

I J[,,(2.225)

.e of the a 2

iable
where

PHAp, ;
(2.221)

PH - modulus of external pressure. The vector of surface forces,

sional directed from the external medium to the outer surface P of the

combustion chamber and nozzle, is equal in magnitude to the first

integral of the right side of equality (2.225), but is opposite in

sign, i.e..
(2.222)

. •. (2.226)
K

hamber
The total force pulse of surface forces

d.1 20dF dt (2.227)
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should be equal to the change of the ,momentum of external medium, I
i.e., the er

accel(
d9.=d f W 1dm=, (2.228) j and

where WH - the flow velocity of external medium relative to the

combustion chvmber; mH - the mass of flow -of external med!tum, acting

on the engine. If the combustion chamber is protected from the

action of external medium, then di = 0 and dO 0, and consequently,,
H

Jp.dF=O. '(2.229) For st

mass I

Thus, for the combustion chabef .,nd nozzle

7 _S &dF. (2.230) DuringPIZ

force
Now, using equations (2.202) and (2.230), we arrive at the

equation for determination of the thrust vector:

The ca
.. 7  (t,(-)WV +IoX.,V f. to the

V V| condit

IQ~ -7+~dv~f.,Jii (v± ."_F (2.231)

By discarding liquid particles from examination and using equation

(2.211), we find

. a unit

- V (p -p,,)dF. (2.23) specif
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dium, For pressures pa and;,p, let us take their average values along

the entire surface F and let us designate the projections ofa
accelerations in the direction oi action of thrust force through

(2.228) j- and g. then-we obtain

t~he -GW

acting

huently +- Q-j+g)dV +JFp.--p). (2.233)

(2.229) For steady state and not taking into account the action of external

mass forces

p= o, o P,(p,-P..).- (2.2 311 )

(2.230) During engine operation ,at high-altitudes p% O; consequently, thrust 4'

..force in a void

the

P.=GaW,+Fap,. (2.235)

The calculation condition, at which the greatest thrust corresponds

to the assigned pressure of surrounding medium, is satisfied by

condition p = p In this case
(2.23].)

Pp = G.Wa. (2.236)

1uat ion
Specific thrust

The quantity of Newtons of thrust, obtained with combustion of

a unit of mass of propellant in one second, or the ratio of thrust

to the mass flow rate of propellant per second, is called
(2.232) specific thrust:

P =W.+ (P. P". (2.237)
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During operation at calculated conditions, when p.= PH

(2.238)

Thus
If the flow rate of propellant is not changed with time, then the

'total propellant consumption evalu

rn1 = Gbo,

where t ,- the 'time of operation of engine. Consequently,

P - LP-  (2.2,39, )  the c
P r-

equat
Equations (2.238) and (2.239) show that specific thrust . is the

efflux velocity -(in m/s), which ]. kg of combustion products acquires

under the action of the thrust impulse Tp, equal to 1 N's. 3y

multiplying and dividing the right side of equation (2.239) by By us

mP,,+m, after simple conversions we obtain force

PA;. ---- (I + fnpa, (2.24o)

*wh6re mpa,,- the mass of a rocket not taking into account the mass By eq
of propellant being fueled; am,., - the launching (initial) mass of
the rocket, moreover

nlju.. mnpa + inT. Accor

W-hen designing a rocket and (engine we provide optimum values of ratios

and (2.241) Conse

For the realization of launch it is necessary that v be equal to or

exceed the projection of acceleration of gravity to the direction of 'Now t]

the rocket axis, i.e., tpg.. Under conditions (2.241) we obtain
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1i
to- P (2.242)AI= +g )

'(2.238)

Thus. specific thrust characterizes. the maximum possible time of
t he

operation of the engine, corresponding to actually being attained

values of U and m.

?.7 Equation of Entropy

During the calculation of motion of combustion products along

(2.239) the chamber and through the nozzle it is convenient to use the

equation of entropy. As is known,

.s the

icquires dS=- Q  (2.243)

By

:y By using expression (2.154), but without considering external mass

forces, for one-dimensional flow we find

(2.240) '(QTQ= -:-.(t vr)+pdIvW. (2.244)

mass By equations (2.129) and (2.131) we find

ass of
pdivW=dIv(pW)-p+-.. (2.245)

According to',equation (2.161) we have

of ratios dlv(pW) =---p--.- (2.246)

(2.241) Consequently,

d - (2.247)

al to or

)ction of Now the equation of energy (2.244) takes the form
:t amnd d ,

d )(2.248)

d d2
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By us lng the equation of state and having divided the expressions For
after the sign of derivative by o, we obtain quantity

empirl ca

,. (=CvT)_- RT A- (2.249) gas or g

Having divided both sides. of the equalities by 2, we find The

van der '
dS dv _ t (2.250) others.
-11 i T

Being guided by the average value of heat capacity, after integration Mani

we arrive at the equation of entropy excludedl
substitut

AS=Sj--S2=cvl"-L -Rl 2-- (2.251) or on, the

By replacing in equation (2.251) the densities through pressures by The1

the equation of state and taking into account that cp=cv+9,
we obtain,

AS=S-S2=%IuL - R In -  (2.252) where a,]
P T2 A of the c(

quantity
2.8. Equations of State of Ideal and Real Gases molecue

There ford

Equation (2.162) is valid for an Ideal gas. For real gases when .inpacto

performing engineering calculations it is applicable at relatively ideal gaI

low pressures, with higher possible temperatures and under conditions natural

far from the area of saturation.

The
'In modern liquid-propellant rocket engines the pressures are located

rather high. The gases move in separate ducts at very low capacity

temperature. Inasmuch as the equation of ideal gas does not consider molecule:
intermolecular forces and the volume of molecules, in contemporary by quant

calculations we are sometimes guided by equations of state of

real gases. 7he

and in s
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e a

is For the mathematical, description of the state of ,real gas a large

quantity of working formulas is suggested. In most cases these are

empirical, expressions, in which the specific features of the considered'

;.2149) gas or gas .mixture are considered-correction factors.

The widest distribution was received by the equations of

van der Walls, Dterthelot, -Dieterici, Betti-Bridgmen, Bol,, Key and

2-.250) others.

,rat~ion Many scientists considered that the specific constants can be

excluded, if in the equations of state instead of absolute we

substitute the reduced values of parameters, found from experiment

2.251), or on the basis of some theoretical examinations.

The van der Walls equation, for example, has the forms by

RT a (2.253)
p=v-b v2'

where a, b - constants, which characterize the peculiarities

of the considered gas. Here the specific volume 'is corrected by

quantity b, considering the effect of the natural volume of

molecules- of gas on pressur&, due to which the free space is decreased.
Therefore, in real gas the colliston of molecules together and their

z.s when impacts against walls of the shell will be more frequent than in
Vely 'ideal gas. This correction is approximately equal to quadruple the

ditions natural volume of molecules.

The cohesive forces between molecules attract the molecules,
rre located closer to the surface of the shell, to the center of the

capacity. The decrease in this case of the force of impacts of
onsiier molecules against the shell, and consequently, pressure are considered

r'ary by quantity a/v

The values of constants a and b can be found in reference books

and in specialized literature.
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The Van der Walls equation in the given form is written in the

following manner:

R, T, a,
PRT, V ' (2.254)

where a', b' and R' - universal constants, which do not depend on

the pr6perties of as and are connected with primary constants

a and b by equations

a' , Ra ., '(2. 255) rather

where -p. vs, Ts - critical parameters.

The determination of constants, entering equation (2.253), where Z

is based on the fact that the isotherm at a critical point has The com

inflection. By using equation (2.254), in courses of thermodynamics changed,

are found expressions for determination of critical temperatures conside.

and pressures in the form of dete

approxii

-- 27R b 2 s "7b ' ( 2 . 2 5 6 )

whence, by knowing T 5 , Ps and R, we determine the desired constants.

where

The amount of error, being obtained during calculation by the

given formulas, depends on the pressure for each gas of it. As shown

by comparison of experimental data with results of calculation by

formulas of Clapeyron and van der Walls, for nitrogen, for example, For det,

at normal temperature and pressure up to 10 MN/m2 the cohesive force charts

and the volume of molecules do not noticeably affect the results of

calcu ation, and they cannot be taken into account, thus considering

nitrogen an ideal gas up to the shown pressure. Carbon dioxide, for

example, deviates from the laws of ideal gas considerably earlier

than nitrogen, which is attested to by values of specific volumes at

normal temperature in m 3/mole, given In Table 2.1.
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in the Table 2.1- .(
According According.to .equation
to exper- .Clapeyron van der Waal

'bar iients _ _ _ _

1.0 25;.-5q - 25.7 25.6(2.254), 10.0 2.'4 49"  2.5•7 2-.471

50.0 0.380 0.513 0.395
d on 100-.0 O.069 0.257 0.089
s

In the technology of computation of parameters of real gas

4(2.55)rather wide application was received by equation

-- , .(2.257)P

) where Z*- the compressibility factor, equal to one for an ideal, gas.

The compressibility factor Z is dimensionless and for real gases is
ynamics changed from 0.3 to a quantity somewhat, exceeding one, if we do not
res consider the region of very high pressures. There are many methods of

of determination of the compressibility factor. In the first
approximation we consider

(2.256)

z f (P,, ,), (2.258)
istants.

where

)y the
'1\s shown P, -; T,= . (2.259')

n by
(ample, For determination of Z by formula (2.258) in 78] there are provided
ie force charts Nelson and Oberth.

LLts of

)idering

ide, for

'Iier

umes at
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SOME QUESTIONS OF INTRACHAMBER P-ROCESSES

To the-research of intrachamber processes are devoted many

works: [10], [11;[20], [33], [418], --75] and others. Research Is1

conducted usually in accordance with a pairtic-4a'-6tgine layout

and prescribed operating conditions of the ~coffibu t-ion.chamber. In

this case there are considered low-frequency and high-,frequency-I
(acoustic) oscil~lations, the motion of burning flow and combustion various

products, the interconnection between the basic flow and boundary satn
layer under conditions of starting, operating, shutdown. during

In this chapter are examined only some separate questions, Th

which characterize the specific character of intrachamber processesofps

in. the first approx.1mation.
As

3.1.SimLfied Method of Construction jPEl
of the Boundjajy cf Iow-:Fr. u n,, Lnmjreas

Stability motion

The character of Intrachamber processes is judged by their Il
external manifestations. The basic :7-ource of Information Is the ox ,dize
oscillogram, on which there is reflected a change -of many parameters some de
with time, including thrust, the flow rates of propellant components, da ped
pressure In the central part of the chamber. The oscillogram orusal
the complete set of oscillograms, where the character of change of of star
basic parameters during the entire period of operation of the

combustion chamber Is recorded, can be called the external
characteristic of the chamber. Figure 3.1 shows oscillograms of
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pressures before the injectors and in the combustion -chamber,

imeasured during the test of d trainifg model of 'a [ZhRD] ( 1A)
liquid-propellant rocket engine.

A Fig. 3.1. Oscillogram or
change of pressures bef6re

, injectors and in the
combustion chamber when
starting and during
operating cond~tions: A -

coriiio, , before the oxidizer
injector; B -'before the0. fuel injectors; C - in

z- the combustion chamber.
J's

In
In the examination of oscillograms there are observed changes,

various ih character, of instantaneous values of parameters during
on

starting, during prolonged continuous operation of the engine and

during shutdown.

The character of change of parameters with time, especiallv

of pressure in the chamber, is ,exceptionally complex.

As can be seen from Fig.. 3.1, even before the ignition of

propellant (to the left of line' -1) there was recorded a temporary

increase of pressure before the oxidizer injectors, caused by the

motion of liquid through hydraulic ducts.'

Before starting an abrupt increase of pressure before the
e oxidizer injectors is noticeable. After this there are observed
,eters some decrease of pressure in the chamber and high-amplitude, gradually
)feft, damped oscillations of pressure before the fuel injectors. It is

)r usually difficult to establish a clear boundary of the termination

of of starting or the beginning of operation at nominal rating.
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On the examined oscillogram after line 1-1 the pressure in the

chamber is slowly ihcreased to nominal value; as line 2-2 is (Fig.

approached the calculated value of pressure is gradually established. are st

Curves, enclosed between lines 2-2 and j-3, characterize the operation "sawtc

of the engine in the first seconds after starting, and curves to oscil]

the right of line 3-3 correspond already to approximately a tions

hundredth of a second of operatioh-of the engihe under operating

conditionsi

Figure 3.2 for-an example shows oscillograms of pressure in

the cohbustion chamber, obtained during the test of a small experi-

mental ZhRD. Depending on the launching conditions various curves,

(A, 6, B, F). At operating conditions (curves A, E, W, 3) there
was observed superposition of high-frequency oscillations. flowing

with small amplitude, on low-frequency. There are recorded sawtooth

oscillations (H, H) and oscillations with amplitude periodically

changing with time (A, M). Recording with the aid of more precise

instruments allowed refining the cbaracter of oscillations.

Ti

there "

Fig. 3.2. Pressure fluctuation in the there
combustion chambers. caused

units C
one tip

of osca

~again e

lead tc

the ose

chamber

After the examination of many oscillograms it is possible to fluctua

distinguish the characteristic types of oscillations. of the

to pres,

ratio w

on othe
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the Frequently we encounter "impact" low-frequency oscillations

(Fig. 3.3, curve A), in certain cases high-frequency oscillations

Lished. are superimposed on them. Low-frequency oscillations can be

seration "1sawtooth" (b) or close to sinusoidal (A). On these types of
Ao0scillations there also can be-superimposed high-frequency oscilla-

tions (r), (E).
ng

4Z

Fig. 3.3. The characteristic types
Ln I of pressure fluctuations in the

peri- , combustion chamber.

rves

re A
wing 8 r

wtooth

ly
cise

There are also encountered more complex types of oscillations;

there is revealed nonsimilarity of type, nonrepetition of figures,

there are encountered continuously following pulsations (curve W),

caused by resonance phenomena, proceeding both in. the chamber and in

units of the feed system. Sometimes pulsations appear a total of

one time during the entire period of engine testing. If the amplitude

of oscillations is relatively small (3), then the previous mode is

again established. Too powerful pulsations, caused by resonance l,

lead to engine failure.

Low-frequency oscillations are of several types. Along with

the oscillations, which appear as a result of connection of the

chamber with hydraulic circuits, there are observed pressure

to fluctuations, caused only by intrachamber processes. The character

of the fluctuations depends on the sensitivity of combustion delay

to pressure, inertness of hydraulic circuits, the change of component

ratio with time, the absolute value of pressure in the chamber and

on other factors.
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I
I

Let us examine the oscillations, which appear as a result ofI

the presence of connection between the chamber and the feed system. the mon

Let us take the simplest case of connection of the chamber with the

feed system, .hen the component ratio is constant and the combustion Ti
dc.lay is equal to zero. Under the effect of a randomly appearing quantit

external. influence the pressure in the chamber was. increased from portIor

nominal value p0 to a certain new value p1 (Fig. 3.4). Since in to pre-

this case the flow rate of,gases from the nozzle, characterized by excital

line 1 Will be greater than 'the Inflow of propellant into the compar.1

chamber, determined by curve 2, pressure in the chamber begins to Upon ac

decrease. into th

tion of
l " underst

Fig. 3.11. Diagram of the appearance appears
of oscillations, caused by the this wi7 connection between parameters of the
chamber and the feed system. deviath

then th

be. dist

it

of pres
Ultimat

time of

proves

energy

After the influence of a disturbing factor the change of low-fre

pressure in the chamber with time can 1,e exponential. or oscillatory. constan

If the factors, damping the system, are rather intensive, then motion

will be aperiodic with exponential change of parameters, otherwise Lo

oscillations will appear. Inasmuch as the moving liquid and of (list

combustion products are inertial, in the course of lowering of Let us
pressure the point a, which corresponds to steady state, will be combust
Itgone," and pressure is decreased to a certain value P2 (curve I). However

Now the inflow of propellant will be greater than the flow rate are par,

of gases. This will lead to a new Increase of pressure. Thus, reVea 1
low-frequency damped oscillations will be observed In the system. assombl,
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B I

t of In actuality the prbpellant burhs With delay; Let us consider

ystem. the moment when pressure in the chamber was decreased to quantity p2.

th the

,bustion The inflow of propellant into the chamber is now greater by

ring quantity AG2 than nominal, determined by point a. The new,, additional

from portion of propellant burns up not at the moment, which corresponds

.in to pressure P2, but with delay, The system will receive additional

ed by excitation, leading to increase of the amplitude (curve FY) in

comparlsonwith what it would be in the case ofdamped oscillation.
Is to Upon achievement of'pressure, close to pl' the inflow of propellant

into the chamber will be less than nominal. However, with considera-

tion of delay the effect, whiich from comufiustiorn is obt-<ned

understated by approxiiately AG1 of the quantity of propellant,

CO appears with delay already when the pressure will be less than pl'

this will facilitate maintaining the onset oscillations. If the
the deviations of flow rates AG1 and AG2 are not equal to each other,

then the character of pressure rise in the oscillatory process will

be distinguished from the character of lowering of pressure.

it is known that the period of delay is decreased with increase

of pressure. This connection affects the character of oscillations.

Ultimately, under the effect of all the examined factors for the

time of each oscillation, period the inflow of mass into the chamber

proves to be equal to the flow rate of mass just as the inflow of

energy is equal to its flow rate, due to which the amplitude of

f low-frequency oscillations during operation of the engine is kept

.3 latory. constant.

ion motion

ierwi se Low-frequency oscillations can proceed even without the presence

I of disturbing and damping factors on the part of the feed system.

of Let us assume that the feed system supplies components to the

Ll be combustion chamber uniformly and with constant ratio between them.

ve i) However, in the presence of intrachamber oscillations the disturbanCes

,,Ite are partially transferred into the hydraulic circuit. They are

revealed in the flow area of injectors, sometimes in the ;>

ystem. assembly, before the Injector inlet. The intrachamber instability
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appears as a result of periodically repeating additional Feedings the be:

of the chamber, caused by the action of pressure on the vmount moment

oC delay. passes

with
Let us assume that the chamber operates at constant pressure pO, combus

which some constant value of delay corresponds to. Consequently,, in to the

the chamber there is a constant quantity of liquid propellant, which, are cc

is prepared for combustion. With increase of pressure period T8 is procec

decreased, which leads to decrease of the amount of liquid propellant Beside

which is in the chamber and, consequently, to increase of the compr(

inflow- of gaseous products. As before, the transition-of liquid of in

phase into gaseous proceeds with delay. With decrease of pressure

the reverse phenomenon is observed -,growth of Ts, increase of the

amount of liquid phase, reseai

consi(
In the previous cases the additional feedJng of the chamber

by propellant occurred under the action of mass forces of moving

liquid and as a result of the cffect of pressure on delay. Intra- has a

chamber instability is explained only by the one last factor.

Therefore, the power of intrachamber oscillations is distinguished

from the power of oscillations caused by the connection of the pressi

chamber with hydraulic circuits of the feed system. of stl

pressi
In the forming of low-frequency oscillations the whole mass a rat

of gases, located in the chamber takes part. During research we The a

consider that the gas parameters do not change along coordinates of least
the chamber. With such an assumption for the study of low-frequency the h

oscillations there are attracted differential equations, considering flow

the changes of parameters only with time. In actuality, the gas as wi

velocity and pressure are changed along the length, and the atten

cross section of the chamber, and in the region of location of distu

injectors even countercurrents are observed. Preparation of the o

propellant for combustion and propellant 'combustion proceed so that value

the intensity of gas formation is changed with time and is different cecre

at various points of the chamber volume. Combustion products, the

forming at various places of the chamber, intersect the nozzle

throat only through a certain time interval. From the moment of
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edings the beginning of burning of a certain portion of propellant to the

unt moment of detection of the greatest pressure increase a certaintime

passes.. The moment of the beginning of burning does ibOt coincide

with the moment of Ad dharge of those gases, which are formed during
essure Pot combustion of the portions of propellant, being additionally fed

iently, in to the chamber in the oscillatory process. The indicated displacements

int, -which are considered by the introduction of time of delay of intrachamber
od T8 is processes in comparison with the moment of propellant combustion.

propellant Besides this, as -a result of the deformation of manifolds and the

he compressibility of liquid there is observed a shift of the moment

iquid of injection with time.

,ressure

of the The presence of the examined factors indicates the need for

research of low-frequency oscillations with the aid of equations,

consldering the change of parameters along the-length of the chamber.

tamber

oving The behavior of -the component ratio of propellant k in time

Intra- has a definite effect on the character of oscillations.

)r.

;uished With throttling of the engine, i.e., with lowering of the

the pressure in the chamber, there is observed a so-called threshold

of stability, which is manifested in the Tact that with lowering of

pressure in the chamber at a certain moment of time there occurs
mass a rather rapid and sharp increase of the amplitude of oscillations.

'ch we The appearance of the threshold of stability is facilitated by at

rnates of least two factors. With engine throttling there occurs decrease of

7frequency the hydraulic losses on injectors as a result of decrease of the

)nsidering flow rate of propellant components. If even period T = 0, then,

e gas as will be shown further, the exponential character of pressure

attenuation, which increased under the action of an external
I of disturbance, becomes periodic. With decrease of hydraulic losses

)f the quality of atoi.ization is impaired and, consequently, the
so, that value of combustion delay is increased. Thus, increase of T and

different decrease of the stability of engine operation on the whole lead to

,ts, the abrupt increase of the amplitude of engine oscillations.

,zle

nt of
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In order to give an, initial idea of low-frequency instabi'lity, The va
let us examine a simplified method of Its calculation. Let flow C, T

rate negat,

G =ii-F1/2(pz-pje.. ( 3.1 )T

to the
In the examination of the vicinity of steady state, It can be stabli

considered that the feed ,pressure of propellant pl is little '3.6).

changed; let us take pI = const. For small -deviations instead of
expression (31) let us wr-ite the linear approximation; if ] =~.i

then with consideration of delay

we arr

AG _ ,. )_ 7 (3.2)

where io-faE.ve change of pressure After

A'O _..2 .,-_ . K n; PKO "K (3 .3) ]

Here p 0 -- nominal pressure in the chamber. MI

of an .

The equation of the chamber is now written so: Furthe Ii

(3.4 to

sAP".AP .-pS ' on the

to lar
Let us examine the solution of (3.4) "I.n the following form [641]:

of lar
EpK-C CXp (4). (3.5) There f

smallet

By substituting the solution of (3.5) In equation (3.4), we arrive the dii

at characteristic equation
Ft

0 exp(--V)=0. (3.6) in a rn
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The value 'of the roots of the characteristic eauation depends oh

, -T a and Ap.l. if the real part of the roots of equation (3.6) is
,negative, then amplitude A? will be decreased wJth time.

The equality of the imaginary part of roots to zero corresponds

to the stability limit. Therefore, to get the equation of the

stability, limit it is necessary to substitute A- iw in equation

(3.6). Replacing t by #a and assuming then

exp ( ,s =C'os (OT') - !sill (or'), ( 3. 7)

we arrive at equation

° p-P, -COS '' + O.(3.

After conversions of equation (3.8) we obtain

A~x-- s = ! arctg (wt) - k.t
LPI-s= V ' +(w02+ M(3.9)O

When conducting research in the first approximation Instead

of an infinite sequence of whole and positive numbers we take kz 1..

Further for the considered chamber we find s and, by changing w from

0 to -, we construct the relationship of Ta to Apl; the line obtained

on the graph is the stability limit. The area, which corresponds

to large values of Tr refers to unstable operation, and the area

,of large values of Apl characterizes stable operation of the engine.

Therefore, by knowing T., according to the graph we determine 'the

smallest permissible value of Apl then by equation (3.3),we find

Ive the difference of pl-pK0, providing steady operation of the engine.

Fundamental research of low-frequency instability 'is discussed

in a number o-f works Csee, for example, [48]),.
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3.2. High-Frequency Oscillations

in the Starting 'Peri6d £

Theoretical and experimental research allowed .partially

presenting a qualitative picture of the onset of high-frequency

oscillations during 4tarting [62], '[771, Sometimes they are

manifested immediately, in the starting period of the chamber, but

there are cases when the high-freque.,cy is developed as If with

delay, in the first quarter of a second of engine operation (Fig.

3.5). The impression is created that the engine normally started

and that hf appears already at operating conditions.

JD

Fig. 3.5. The development of high-
frequency oscillation during engine
starting.

incr

tand
t. poss

exp1
acco

'The study of oocIllogams shows that hf is generated apparently

in the starting perlod of the engine, moreover sometimes high-

frequency oscillations precede low-frequency (Fig. 3.6). The

amplitude of 'the generated low-frequency oscillations is kept in l

constant. However, there are cases of sharp increase of the
inte

amplltude,, terminating in failure of the combustion chamber (Fig.

3.7). 
wave

The overall picture of emergence of hf during starting can be

represented as the development of randomly formed and rather g
wi th

rapidly amplified' disturbance, which is accompanied by a change in

the state. form
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Fig. 3,.6. The -appearance of high-frequency
oscillations after the appearance of low-
frequency: 1- expected values; 2 . actual
-values.

.ency

,er, but

with

(Fig.
tarted

Fig. 3.7. High-frequency oscillations,
which lead to failure of the chamber.

gh-
ine

The hf appears in the presence of a shock wave - sharp abrupt

Increase of pressure, which is accompanied by compression, heating

and by change of the velocity oT motion of burning flow. The

possibility of the appearance of knocking is not excluded - the

explosive propagation of chemical transformations, which are

apparently accompanied by heat liberation.

iLgh-Th The shock wave, which appeared and was reflected from chamber

walls or the nozzle, in transit through the burning zone Is
p intensified, if its intensity is higher than a certain level. The

'he

r (F intensification of the wave process also depends on the time the

wave is located in the burning zone.

g can be Longitudinal and transverse waves are observed, moreover the
longitudinal shock wave can excite transverse waves, inasmuch as,er
with passage of longitudinal wave through burning zone there can be'ange in
formed waves, which are propagated-in all directions [15].
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The generalization -of calculation and experimental data

allows determining some conditions, which facilitate the emergence

of hf during starting.

wher

it was revealed that the probability of emergence of' hf i. cent

increased with hncrease of thrust and pressure in, the combustion

chamber. This is apparently explained by the fact that with increase

of the combustion chamber volume and the pressure in It the power acti

of the ,shock wave Is increased. With a number of simplifying sens

assumptions it is obtained that for a cylindrical chamber the acce

average length of the chain [43] .a t hat

to t
V= 2 (3.10) incr

the

and for a spherical chamber For

we r

qLd2 with
' 

s r

where n - the average length of the path; q -probability factor.

Thus, a spferical chamber should operate m!ore stably than comp

cylindrical. It is established that other conditions being equal hf.

the engines with a pressurized system are steadiLer than engines with grea

and
a [TNA] (THA) turbopump assembly. It is oossible that here during shoc
starting there is an effect of sharp lowering of pressure in the

manifolds, which connect the tanks with pumps; in this case cavitation whic:

appears in the pumps, and vaporous products penetrate the combustion that

chamber.
freqi

It is established that upon the introduction of a small portion

of gaseous oxygen into the chamber, which operates in steady state, has

hf sometimes appears [67]. Here, apparently, active centers are of ti

developed - atomic oxygen or radical OH. As a result a chain

reaction appears, the rate of which

III



ence U=uo0 -xp( _- -_)I, (3.12)

where v- average length of' th e chain; t o -the lifetime of active

center..
on
ncrease In tie kinetics of chain reactions catalysts and the Jnitiating
)wer action of surfaces play a large role. Chain reactions are very,

sensitive to the smallest quantities of catalysts, which can

accelerate or impede the process. By, experiments it is established

that with small additions of certain products - antiknock agents

to the propellant, the stability of engine operation is sharply
.10) increased. The active center, which was initiated in the region of

the injector assembly, can be moved to the main volume of the chamber.
For decrease of the probability of the initiation of chain reactions

we recommend before starting to cover the surface of the chamber
with a thin layer of the appropriate substance, which burns up or

is removed from the chamber after starting.

actor.

The sequence of ignition and the amount of advance of feed of

components have a large effect on the probability of appearance of'

hf. The closer the initial component ratio to stoichiometric, the:q ual

ies with greater the q,,antity of heat that is liberated at the initial moment,
and the more favorable are the conditions for initiation of a

-uring shock wave. On the other hand, depending on the starting conditions
the there can be such a combination of parameters of the chamber, at
cavitat onwhich excitation of the system is very probable. It is also revealed
mbustion that with advance of fuel feed the high-frequency appears more

frequently than with advance of oxidizer feed.

portion For anergolic propellants the power of the ignition source

state, has a. substantial effect, with increase of which the probability

are of the appearance of hf is increased.

n
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Preliminary supercooling of components leads to smoother

valuesstarting.
Ration

r Depending on the starting conditions, the layout of the hf are

propulsion system-and the parameters of its units there is developed starti

a certain character of pressure buildup in the chamber during the r

firing. The appearance of hf facilitates the appearance of regions accomp

of sharp changes of' pressure on curve pK(t). In certain cases they

are manifested in the form of a serrated discontinuity, so for a i
very short time interval the sign of derivative p, changei two 'burnin
times (Fig. 3.8). Such a character of change of pressure to a probab

certain degree depends on the total amount of propellart,, is the

accumulated in the chamber at the moment of starting, on the starting of the

conditions and on parameters of the feed system. After serrated tion o

discontinuity sometimes, to be sure with small probability,

somewhat low-frequency pulses appear, changing into high-frequency. F

the c i

tion 9

AS damper

Fig. 3.8. An example it is

of the change of pres- to app
sure in a chamber dur- In wel
ing starting.

the anr

t- during

we fin
of eng.

It is noticed that the appearance of hf is facilitated 
by hih

values of product ka(Rr).

are ca
There were observed cases of appearance of hf above permissible

with failure during actuation of the generator and of combustion ]

chamber. of the

of prc
The intensity of shock waves in the region of the injector of soL

assembly is decreased with increase of the frequency of o'cllations, of way

i.e., with increase of the frequency of their affect on the burninfg of co

zone.
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During research of the engine there is revealed a field of

values p and k,, where the appearance of hf Is most probable.

Rational methods of decrease of the probabi:Ity of appearance of

hf are bypass of the zones of instability In-Cbordinates pxk during

eloped starting or the accelerated passage of these zones. Depending on

-the relationship of parameters, k,(), k(t) and Au(t) it Js possible to
Igions accomplish accident-free starting or, on the contrary, -to excite hf.

they
a Inasmuch as the intensification of shock wave occurs in-the

burning zone, then one of the effective methods of lowering the

probability of appearance of hf or the amplitude of oseillatlons

is the distribution energy, released during burning along the length,

tarting of the chamber, i.e., extension of the burning front or the- oganiza-

ed tion -of several fronts.

For decrease of the intensity of reflection of acoustic wavesency.

the chamber wall is made "elastic." This is attained by the Installa-

tion of acoustic dampers. In one of the training engines as a

damper there was used an additional interior wall with openings. If

it is required to eliminate hf during starting, then it Is possIble

to apply dampers, which burn out or are ejected after starting.

In well used engines the acoustic oscillations are hunting, moreover

the amplitudes and frequencies of oscillations are barely changed

during the entire period of operation of the engine. Nevertheless

we find cases when in separate (rare) specimens of the same batch

of engines developing acoustic oscillations are observed.
high

Acoustic oscillations represent a system of random waves and

are caused by compression of medium.
ssible

on In the presence of acoustic oscillations the velocity of motion

of the medium can be as low as desired in comparison with the speed

of propagation of acoustic waves, equal to the speed of propagation

r of sound. In the region of the nozzle throat during calculation

ations, of wave processes it is necessary to reckon with the speed of motion

rning of combustion products. An acoustic wave does not move a material
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medium, but only swings it around-constant or slowly changing

values of parameters in cruise conditions or around values of -fast-

parameters which are changed specifiably and' rather rapidly during revea

engihe starting and during shutdown. Acoustic oscillations are motloe

characterized by discrete distribution of energies of pulsations motiol

with respect to frequencies. In the gas flow there is a basic -vorti(

frequency of acoustic oscillations, which depends on the chamber depen

geometry. Besides this, there is observed a number of other, weaker

expressed harmonics, multiple or almost multiple of the basic.

fluidj
During the study of acoustic oscillations it is necessary in an

to consider the effect of inlet gas ducts and the nozzle; for incomr

this a model of the complex .Is created - a conditional combustion contir

chamber. The oscillation period of gas in such a chamber (pipe) frequc

is equal to the time of run of the wave along the gas flow and back. liquid

In the simplest case the oscillation period turbul
I.

1=2 C',. F
0 use th

where C -- local speed of sound; w -- the velocity of motion of gas;

z - characteristic dimension. The frequency of the first harmonic0

2,t

condit:

of chai
If acoustic oscillations are not; caused by external disturbing to the

influences and are hunting, then supply and .oss of acoustic energy [75] o(

are equal to each other. The supply of energy is caused by

intensification of propellant burning at the moment of intersection

of the burnIng vone by an acoustic wave. Loss of energy is

determined mainly by conditions of the passage of the wave in a gas Fc

medium. The interaction between the burning zone and acoustic enuatic

wave Is determined by conditions of reflection of the wave from walls tion of

En contemporary, chambers the transverse (radial) oscillations limited

proceed with tncommiensurably greater activity than longitudinal Is
oscillations, wave pr
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During the measurement of engine parameters with the aid of

fast-response instruments, besides acoustic oscillations there are
tring revealed turbulent Cluctuations, which represent chaotic turbl tent
'e motion of the medium. The vortex scale is relatively small. The

.)ns motion of the medium is characterized by the speed of rotation of

vortices andby theirmovement along the chamber volume; the latter
)er depends on the coefficient of turbulent diffusion.

weaker

Turbulent Pluctuations are caused by the existence, nainly, of
fluidity of liquid and are little connected with its compressibility;

Y 'in any case, the theory of turbulence is based on the condition of

incompressibility of liquid. For turbulent fluctuations the
tion continuous distribution of energy of fluctuation with respect to

pe) frequencies is characteristic. However, the compressibility of

d back. liquid affects the character of the turbulent field and therefore

turbulence generates acoustic oscillations.

For the determination of turbulent fluctuations we trequently

use the mean-square value of fl.uctuations

gas;

armonic V

Because of turbulent and acoustic fluctuations the burning

conditions acquire a vibratory character with notiaable perlodLcJty

of change of the parameters of burning flow. Many works are devoted
aurbing to the study of vibratory burning, the works of B. V. Raushenbakh

energy [75] occupy an important place in these investigations.

.;ection 3.3. Wave Equation

i a gas For now we are not able to solve the complete system of

1c equations, which describe intrachamber processes, even with utiliza-
rom walls tion of contemporary computer technology. It is necessary to be

S limited to the examination of simplified problems. One of them

nal Is the problem of research of the charactcr (f ocvurt,..

wave processes.
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Let us examine te derivation of a wave equation for the Local

case when a chamber is filled with gas. This equation is solved In time, ai

relative to the flow velocity, velocity and density potential or elemnt of

sonic pressure. The velocity potential 4 is. ntroduced o-that the amplitudes

following relationships occur [50]:. be dsrega,

'W , -- 1 (3.13) Me u,

J

Let us give the derivation of wave equation, using the Carteslar where C -1

coordinate system.

The

Let us use three equations of motion, the equation of state and

the equation of continuity. The equations of motion not allowing

for the action of external forces and viscous fric,4Aon forces are

written so:
By r

density f

SOri ](3.14)

Op I

During the study of small deviations of parameters from their

nominal values we replace e by constant quantity Qo=const. The total

derivatives contain local accelerations and transfer accelerations,
in other words For

equation

T+ . grad W,. (3.15) and for
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Local acceleration is created with field of parameters variable

ad in time, and transfer acceleration is caused by the fact that the

element of gas during time dt changes its attitude, For small

~ the amplitudes the transfer acceleration in comparison .with local can

be disregarded, and then the equation of motion assumes the form

+!Lo -0.(3.16)

13) We use the equation of state in such a form:

O =C2,  (3.17)

rtes iar where C- the speed of sound.

The equation of continuity has the form
te and

ing _-+d_ v (3.18)
are Qo a,

By replacing the pressure in three equations of motion by

density from the equation of state, we arrive at system:

1.4± -- C20Q =0;

Q0 at ax

QO2T +C262=0;
at 4 (3 19)

at az
tota!a t Q° dlv W= 0.

a total a

dions,

For further transformations we use operators: for the first

equation operator lOx, for the second -fOly, for the third -a/z

.15) and for the fourth - a/at.
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Now we obtain system: VJ
and wit

liquid
Of ax .Ldx2,,

. C, _ _O" (3.20)

o p -at -x a t a y o , "

By adding term by term the first three equation and with the

aid of the fourth by excluding expression

ta~w + GYWY + 2Wz
ox ( 3 - (div W),1)

AV'

we arrive at the wave equation for density: the equ

F jt- O (3.22)

and ,usir

where operator

2 +2 2
OX2 d2 oz2(3.23)

In a cylindrical coordinate system the equation for density

takes the form

I 2Q 62Q 02e 1 o3 I O 2)
C 2 0 0x

2 
ar2 r r T2 i-,(3.24), ' " :we bbtai

Analogically there is written an equation for sound pressure,'in

this 6ase in equation (3.241) the density should be expresseh through

pressure. "

I *' 'i' :1;; I' ,,..

I 1.

I
' ' + ' I~1 49 : '

I I

I I I1
*- - - - - - - - - - - - - - , I -



With the presence of external mass (volumetric) forces (Q. + ri )

and with supply of gas" into the element due to vaporization of

liquid the basic equations with the assumption that

20)
will take the form

OWu OpQo- 7 + LPQ0 U.,+x);

the QO '-+ -P= O (j,+ g);
0 W (3'.25)Q- +P Qo(zj+g.)

'Q + E_' + W + aw 2.~
O1 x 'ay 1-11

21)

After conversions, analogous to those performed above, by using

the equation of state in the form [84]

.22) P=Ck +const (326)

and using replacements,

L2 P= C2 LS.
.23) Ox2  Ox2

__ 0y2 (3.27)

L'P =C2 2 O
Idz2  02

we obtain a waire equation in the form

in

th'ough 72OJ2 6"

In the right side of sonic equation (3.P.8) there is considered

the supply of mass and the effect of external v3lumetric forces
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3.4., High-Frequency Oscillations at
Operating Conditions

A peculiarity of calculation is the fact that the amplitude

of oscillations is small in comparison with nominal values of

appropriate parameters. Therefore, calculation can be performed
in small deviations,,, i.-e., llneariz'ftion of equations is possible. i

terms, ,We will consider that disturban&s are propagated with the speed
In salldevatir~s, i~., lneriz~tin o equtios i posibe.tit

of sound, constant along the whole volume of the chamber. Let us

examine the area of the chamber after the burning zone, for which

the -euation of the law of conservation of mass and the eouation of

motion will be written s_:,

.- d1v ())=0;

t 6' a

ELY. ,!_uY W" + P 0n (3.29)

; L -Wo +!!L ,
at z OzTW

Le,

In expanded form the first equatlon of the syste -will be

written so:

.-t~ .- - (W,,)-J- (Lwj)=O (, 303).

where Lf or _

-+Q-+- '+ w1 W+Q -+r
t ax Ox r Or Or +

+gW"- . Q -=0. (3.31) the sysi

r4'OT r

Let us introduce small deviations so that along axis x the total

velocity will be determined by the sum of main velocity .W,,. and

disturbance 6W,. Along other axes there will be considered only

disturbances V and 6Wi, since flows here are absent. Thus
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Wx=Wao', Wx:

W, -- W,;
Wy=i"W" '(3.32),
P = i0+ 8p;

ude 
Q=QO+SQ.

med With substitution of equalities (3.32) in equation (3.31) some

ible.

oed terms, containing the product -of small deviations, are excluded.

Ultimately we arrive at system
r us
U!ch

-on of
di ax -ax r
+Q Ao W' +Q !BW+-7- +

ar ro?

at ax r(333)

.29) Q-LtW,+Q 0 -WWxo+;; - - 0P=O.

Let us introduce dimensionless parameters

*-'F w='-. w' -_'

'= ; . - x r' r"r

130)

where L - characteristic dimension of the chamber. Since Mach number

M=!A2, (3.34)
C

31) the system of equations will be written so [17]:

al aQlawM +aw+wawO
a "MV-t T-# 0 + -7 +7 + ,'; =; (3.35)

a& O' x (3.36)
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Having a

01-r x'" ' 0 ;  (3.37) replacein;

(3.38)

Having the taken partial derivative during x' from function

(3.35), we obtain

02' 2 W ' xe' 62W; 6W ow 2W" et
M' , j .+ L + ? =09 (339) Let1

0-0x' 1t0x')2 () Ox' Or' '"- Ox - .0 4 ' Then, w'i

whence ,we find Lnd

62W' 02W' , &F

O(x') 2  ax! Or' Ox'.r'.4

02' a2Q' I a 4
SOlOx' O(x')2 r' ox' (3.140)

To
From the same function (3.35) let us take the partial derivative equation

during t and we obtain
02 Q' 4 ' 0-2g 4 ' ' .; w

01J2 at Ox' dtax' aar 0* at

Ot.r'O? (3.41)

which ha
does not

Let us take partial derivatives from functions (3.36), (3.37), the burr.

(3.38) during x' 1' - and respectively: of mass

should I
discusse&

MW' & , 612I+M x X'52 O(x )0; (3.'42) Is writ

+ .w; oQ of wave
FtOr'- Ox' Or' 0 (r)2 ' (3.43)

02W ,  
a2W, 02' Le

', O--x 'n +' ( =0. by harmc
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Having added term by term the last three equations and performed

•37) replaceme-nt with the aid of equation (3.40),. we find

.38) aw' am" -'

+ aQ" aQ M 2-M 62 -,M -- °w; .0. (3.45)
lon (r')? Oj t at . f 6; 1 (x,)2 r' Ox'

39) JLet us replace the first three terms-, using equation (3.41).

Then, with the aid of equation (3.37) after conversionis we finally

find

a2eQ M00 6Q

( 1 - 2)-;-, + uV I I I
c)(x')2 a(r')2 . (r')2 0a2 Wr' r'

-Q'+2M ' Q'  
(3.46)

3.40) 
2 O x3

rivatiVe To investigate only axial or only radial 
oscillations we use

equations

-- +; 2M ,y- ( + O IM)3 ;

0*2 Ot Ox' )
_2 0.00 ; 7 ,

-LO' = 02Vy 4 -L W__
&2 0 (r') 2  r' Or'

3.41)

which have been considered by other authors [48]. Equation (3.46)

does not consider the supply of energy and the supply of mass Into

(3.37), the burning flow. If it is necessary to take into account the supply

of mass and energy, then with derivation of equation (3.46) one

should take into account the considerations, analogous to those

discussed during derivation of equation (3.28). Inasmuch as (3.116)

3.42) is written in linearized form, then it can be used for the study

I" L ve processes, proceeding in the vicinity of steady state.

3.43)

Let us examine the solution of equation (3.116), being guided
1411) by harmont. oscil1a"5ons in the chamber. Let us take
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'= A Q(X, r', p) exp (io') =AQ exp (iw'), (3.4 7)

where A0 - some function of density, depending on space coordinates;

let us take also

exp (iil/)*i cos ,,'t+i sin (,),t. (3.48) and !

shoul

It is obvious that 
at as

The c

- c exp (m, (3-5 3
x t ), (3. 119)

consl

since exp(i)'t) does not depend on x'. Derivative decom

atL -iA e p~ol ( 3 50 )
01

since A0 does not depend on t.

Now let us write equation (3.46) relative to function AQ,

using expression (3.47):

MI --( + ((')rAQ + + Now we
O~x')x'

1 OA, 4 1 _Q 0for ex

"7 Tright

By using the Fourler method, let us substitute the sought

function A by the product of three functions, each of which depends

only on one space coordinate [811]:

A o~ x , r , ) X ( ') R ~ ') ¢ ? ) .( 3 .5 2 )

Each new function has a derivative, n9nzero only when the derivative Ti

is taken during the space coordinate, on which the function depends. obtain(

Thus, by substituting equality (3.52) in equation (3.51), after from bc

conversions we obtain
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I d2X Mi,' dX(3.47) (-")-

1 d2R , I R I 9M4
ordinates; 'R d(r'P r'R' dr' (r)2 d72 (3-53)

The left side depends orily-on x-', and the right -only on r'

(3.148) and 0. Consequenty1., for providing equality between them, each
should be equal to the same parameter, which We designate 2, and

at assigned values of terms of equation (3.53) - to the same number.

The conversIon, which was finished by the obtaining of equation

( 3.49) '(3.53), eliminated the need to use partial derivatives, which
considerably simplifies calculation. Now equation (3.53) is

decomposed into two:

(3.50) d k.,=_2 (3,514)
(3.50) (l--M9X d(x')2 X d3

I d2R 1 dR I dL20

R 7(r')2 R dr' (r')20 dT2 (355)

A,0, Let us rewrite equation (3.55) so:

(r')2 d2R ,' dR - 2(r) 2  I 2 (3.56)

R d(r'1' R dr' dT2

Now we can equate both sides of equation (3.56) to the same number,

(3.51) for example m2 , inasmuch as its left side depends on r ', and the

right ozily on, i.e.,

ught (r')2 d2R r' d n2(r')2=rM2 (3.57)

Ach depends R d(r)2C R dr'

I d2lb

(3.52) d, 2  (3.58)

derivative Thus, for each of the three functions separate equations are

n depend:3,. obtained: (3.54), (3.57) and (3.58). Constants n and m are determined

after from boundary conditions.
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Equation (3.54) is-homogeneous with constant factors. Its small

solution has the form diff,

condi
1 anyf

AIX)~ ex ( V(.1)2- n2 0 -,%j2) -,anyX(x')-CMexp i '2 of sit

+C2exp X)__,_ -. - '__ (359) to an;

I -M2/

where C and C - integration constants. the

The solution of equation (3.57) has the form

R(r) =Bm(nr) +D.m( zr'), (3.60) Here
tHere

and equation (3.58) -
there

(D (T) = El exp (-imy) + E2 exp (1my), (3.61)

where B, D and E, - integration constants; !m(nr)-- Bessel function;

N,,(nr')-- Neumann lunction.

where
By mu].l.plying the right parts of solutions (3.59), (3.60) and parame

(3.61), we obtain A'Q(x', r, f). value

Analogous conversions can he used for determination of component3 r

., w,, w. occui'l

nocess

remain
3.5. Investigation of Intrachamber Process

by the Method of Small Deviations

The solution of a total system of equations in partial

derivatives, obtained in the ,second chapter, with the contemporary

state of methods of mathematical analysis !resents considerable

difficulties. It is necessary to shimplify equations, to apply

approximate methods of solution, one of which is the method of
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E 9

, ts small deviations. Let us assume that as a result of integration of
differential equation in partial derivatives with assigned -boundary

conditions a continuous solution is obtained. If so, then around

any fixed value of coordinates it is possible to trace the effect

of small deviation of one parameter (or ,a series of parameters)

to any other parameter.

Ih the beginning let us examine an equation of continuity in-

the form

(.)(3.62)

(3.60) Here any parameters and derivatives can obtain small deviations,

therefore N

(3.61) + +
, aw ,+ w, _ o .w63

function; +Q0. (3.63)

where A means small deviation, and * indicates that the given
(3.60) and parameter (or parameters) is calculated for the selected fixed

value of coordinates.

of components Let us assume that in section x, at. moment of time t, there
occurred change of derivative OWA/Ox to quantity A W.. It is

Oz
necessary to determine how derivative dQ/t will change, if all the

remaining parameters and their derivatives remained constant.

By using equation (3.63), we immediately we find

al
temporary ,A(3.64l)

erable 

a

appl y
od of
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*Tor ohe;-dim-insional unsteady flow let us write the system,

whi ch includes the equation of the law of conservation of mass,

equations of motion of gas and liquid phases, equations of energy

and- equatioln of state. While not allowing for forces of viscous

;friction for condition Qm-const we will- have

(1 4+QWj:w-Q k--L 0;

,t& Ox ax 01axo-p

aw +F-W ft W2,OX'(3.65)

+ (3.66)
Q I-X x 2 1-X dt

OC- -Ca -e1-(h +g.) +

+- rO -(-)L 1(3.67)ad

+~j+;c- "1-)+ (-(+C )

~ deviat
ax P

-gTy ) j-c~-Q (c.) T
-Q ax

OaX at' 2 at

W2L 1- Qy CKQ. CLa
* ax 2 Ox at ~2 at

-@ XC 2 L'.. ,'L')/_-;L=;(36)We will
ax 2 Ot ac(368

tt a a a at

QW- NYT>O (3.69)

Let us examine the process,, proceeding along axis x with fixation ntr

of the moment of timne, or the process, proceeding with time, but at

fixed value of x. During soluition (A' the, last problem all partial (-3

derivatives during x are equated to zero. The system of' euatio'ns

will take the form:
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gyas i- j , . 2 I-X' " V = . (3.71)
S.a .- da

dV

QoQ= - +Q(I-X)(-.+g,)W - .. + g, 'C,

-- (I -X)C' r Qc- +-iQ T F ,2

- €-' o/. , -Q -- 0;F"( (373)
On i t A -t

2 t - (3.71)

at C2 at (3.74)

During derivation of equations heat 'exchange was not considered,

and we accepted c,=const and c,=const. ,

As the sought unknowns let us take. the following small

deviations, which for simplicity of-writing we designate so':
1 2

&rT
A (LQ).Q' A()pl;A

__ 2 (3,.75) -

I ,,

We will consider the disturbing factors deviations

A(j +g,) and AQ.

(9) I I

Under conditions of our problem the remaining parameters should

not receive any deviations from their nominal values.t ion

ut at ".
By performing linearization df equa~tonj (3.70), (3.71), (3.72), 2

t-ial .
(3.73) and (3.74) and converting to small finite deviations, we
obtain system:-.
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N I II,

I '

a4P ,a3r IaA+1A !,

4 -, ---- ..--- a2= ;d-= ; a2-- - 1;

a I

* N
*1' * & . '- •

! I

F I

A ; I ( 3 78
; I I I ", a,1Q1=AV1  .

N + 1 ' LY (38 1)

as:t .-a ta" at~s

[at-Mawler, s, beforecmens t ; th nueicl vaue 6B: : :Bysubs'

Fnloe~ bkt, ar !aclaq afo--- acceptedJ.; v/ e of '

t a=(-x.); a. ,=I; an=e; a= i-i; .

0 1 . I

Disturbances tare daetrmined by formulas ,eoridn caoI .:

, , v - ; (3.78) '

Vj,~~ ~ ~ ~ are tae qalt eo

t.(379) Let us w
I VIf(1-) QIXJAi!J-~

L '0 V .- , (3.80)", v jgjv" I~ ) ,e ,. (3.82),1

Mark , ,as befCore means that: the numerical values 6; :parameters,

enclrsed, in brackets, are caculat d fo accepted vlues of 'O andt
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t o , During cothputatin'of disturbances V. is assigned by smalldeiaios.f nl tos By subs
devitios o ony tosequantiti'es, the efffect of which is being

studied;. in tlis ease the remaining small deviations, :which enter.

S ,V., are taken equal td zero. , '

" Soli~aions have the form * , o ac

I 1 , I,

; " : ,where D - principal determinant; D. - ,complemerttar.y determinant.
'" Principal determinant

1 1

I' i I:

I I

I I -

I I

I I



D=_ =-___-1a4 (3.84)

- 43  a46

,By substituting the values of aik, we find

D = ( l - ) [ 'l -) c P] .( 3 . 8 5 )
7)

in the region, where vaporization of liquid components was finished,

and also when, using gaseous propellant X = 0. In this case

principal determihiant

78) D=Q*(cp+R)*. (3.86)

79) Let us write, for example, complementary determinant
So)

V2

DQ,-_V3 1 = -V, (3.87)
V -1a 43 a~a 4,

'ters, ! am

and

By substitutihig V, from formula (3.78), we obtain

'ing

o= -x)c, +R. AQ. (3.88)

Now according to the first equation (3.83) we find solution

. . at A ,(3.8 9)8

1.62



In the zone of vaporization preparation X = const and OvO'l"o; BY
therefore, here the change of density Vill not affect derivative princir

OQI~t. =0t.rin oe~ n tube of
lat. Past burning zone X = 0 and =0. Consequently, here the pipe Oi

change of density does not lead to deviation of :derivative OQ/at. by cor
by comr.

Thus,. according to formula (3.89) the change of gas density leads two-Alf

to ,chaige of derivative aQldt only in the vaporization zone of along.t

liquid propellant, where ax/at is nonzero.

3.6. Engine Shutdown-'

During organization of the shutdown process it is necessary,

for the designer to solve a number of complex and various problems,

which include the following:
where

decrease or elimination of' hydraulic shock in lines; Of mot'

-decrease of acceleratioh of rocket flight at the moment of F(

transmission of the command for cessaton of propellant feed into 
having"

the combustion chamber; rate ol

-- decrease of propellant residue in tanks toward the end of

engine operation;

- providing rrecision, and speed of engine cutoff;

where
- decrease of the aftereffect pulse; of wal'

decrease of scattering of the aftereffect pulse. 0

The general solution to the problem of hydraulic shock Was throu.

given by N. Ye. Zhukovskiy in 1898 in his classic work "Hydraulic

Shock in Water Pipes" [31]. bi
obtain

'Worked out together with V. A. Orlov.
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/

xlOI=O; By using the theorem about the change of momentum and the
tiv- principle of conservation of mass for one-dimensional elementary

e the tube of flow, disregarding the effect of Anertia, of walls of the

pipeline, friction forces of liquid and the flow velocity of liquid

by comparison with the speed of propagation of disturbance, we have,
leads two differential equations, connecting the, change of pressure

along the length- of the line with time:

OU 1 20p....a. ;"(3.90)
,at Q,, x

sary CE_ =.__L LI.2.
.sary a , (3.91)

,oblems.,

where C'- the rate of propagation of shock wave; U - the velocity

of motion of liquid.

nt of For a thin-walled, round and uniform tube, I.e., for a case

! into having practically the most important value, the quantity of the

rate of propagation of shock wave is computed by using formula

id of _E_

C_ .E' (3.92),/ +2 -r£

6CTECT

where E,- modulus of elasticity of liquid; EC,.-. modulus of elasticity
of wall material; 6T- wall ,thickness.

On the average for the remaining lines during flow of water

through them the magnitude of velocity C is of order 1000 m/s,
was

raulic By analysing the solutions of equations (3.90) and (3.91),

obtained in the form

P-poQ= oC f(X-CI)+ .(x+Ct)] (3. 2)

u-uo= -,P(x-c0+-l-C, ( 3.94)
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for the case of instantaneous closing, of cutoff valve and for the D

case of propagation of direct waye against the flow~of liquid, we trarism

have relationship the co

p-po=QN CU0. (3.95)
expedi

The hydraulic shock, with which the increase of head is cperat

determined by expression (3.95), is called direct shock, and the create,

given formula bears the name Zhukovskiy formula. In the case of deflec'

slow closing of cutoff valve, when the reflected wave manages to, and tu:

penetrate the considered section of the line, pressure of hydraulic If the:

shock will be considerably less. In this ,instance for a direct wave nozzle:

the solution of equations of hydraulic shock has the form 'the ai(
rocket

i

P-P,=Q*,C(Uo--U). (3.96) r

W1
As can be seen from equations (3.95) and (3.96), the magnitude :can be

of hydraulic shock depends on the initial flow velocity of components, such si

the speed of propagation of disturbances, the density .of liquid and compon(

the value of velocity, up to which the initial velocity manages to certair
dtop during the time of arrival to the given point of the reflected a [SOB-

wave.

T!"
The tensile stress in a thin-walled tube from internal pressure degree

control
r(3.97) product

and thM
With increase of engine thrust the radius of the line is actuate

[ncr~ased, inasmuch as with increase of thrust the flow rate of their r,

propellant increases, and the velocity of motion of liquid practically

remains constant. Accordingly to equality (3.97) with increase of ;

the radius of the line the amount of stress in the wall of the line cutoff

will increase, therefore, with increase of thrust the wall thickness

of the line should be increased, which, however, will lead to

increase of weight, or direct shock should be eliminated, carrying pre:sur
out slow closing of cutoff valve. subsequ
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* 4

r the Decrease of acceleration of rocket flight at the moment of

d, we transmission of the command for cessation of propellant feed into

the combustion chamber is attained in various ways.

3.95) If the rocket is equipped withsteering engines, then it is

expedient to shut down the main engine with the steering engines

operating. In certain cases thrust-under shutdown conditions is

,the created due to escape .of turbogas from the generator through

e of deflecting or steering-nozzles. In this case the turbine is cutoff,

s to and turbogas in the required quantity is fed directly to the nozzles,

•draulic If there are no steering engines and steering (or deflecting)

ect Wave nozzles, then thrust under shutdown conditions can be created with.

the aid of an additional small ZhRD or [RDTT] (PATT) solid-propellant

rocket engine.

3.96)

When the features of the main power plant permit, small thrust

gnitude can be obtained with stepped shutdown of the main-engine. With

omponents, such shutdown it sometimes proves to be expedient to change the

uid and component ratio. After shutdown in tanks there proves to-be a-

ges to certain quantity of components. For its decrease one should apply

.flected a [SOB] (COG) tank emptying system.

The precision of shutdown is determined by the design, by the

pressure degree of development and by operating conditions bf shutdown

controls - principal or cutoff valves, and also by the level of

3.97)- production technology. The rate of shutdowndepends on inertness

and the amount of movement of moving parts, on the force, which

s actuates the moving parts of valves, and on forces, which prevent

of their movement.

ractically

.ase of During engine shutdown in its gas and liquid cavities past the

>he line cutoff valves remains a certain quantity of components.

;hickness

10 Usually the engine is shut down at high altitudes with low

arrytng pressure of the environment, which provides almost comPlel

subsequent escape of propellant available in engine cavities.
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'With escape of the propellant components reacting together

-to vhe engine, and consequently, and to the entire rocket on the

whole an additional thrust pulse will be imparted, called the

aftereffect thrust pulse. The time, during which decrease of

thrust occurs after shutdown, is called the aftereffect period. i.e.,

The aftereffect thrust pulse [ITPD] (HTMA) of the engine Is

a statisticalquantity and depends on many both internal and external

parameters for the engine. As any statistical quantity the ITPD where,
is characterized-by a mean value (mathematical expectation) and its

scattering.

Since the ITPD is the additional thrust pulse., being imparted

to the Fcaket after feed of the command for cessation of engine

operation, then it is very important to decrease the value of

ITPD and Its scattering as much as possible. However, this

requires special structural equipment and a specific cyclogram of

engine operation, which oftenleads to decrease of the relliability

of operation of the rocket device on the whole.

press

Thus, for instance, simultaneous rapid actuation of the cutoff effec

valves in the fuel and oxidizer lines allows decreasing the number (3.99

of commands for shutdown and at the same time allows decreasing the

quantity of some component, getting into the combustion chamber,

i.e.. In other words to decrease the ITPD. is ca

chamb

On the other hand, this leads to the appearance of hydraulic a-6),

shocks in the lines of the engine and rocket because of the sharp of co

braking of components, and because of sharp decrease of engine momen

thrust - to large overloads in all systems of the rocket on the begin

whole. shutd

to se

Knowledge of the value of mean quantity of ITPD and its

scattering allows introducing correction earlier to tLe operation

of rocket systems. In this case there Is used an expression for

ITPD in the form of

zL67

I

....... . . ..... ... . ..... .. . . . .. ... .. . ... ni..... .... . ..... i . .. i . . . .... ... .... ...4ili-



Pdt. (3. 98)

Inasmuch as engine shutdown occurs at rather high altitudes,

i.e., when -Px-O, then

IS= K.WF 'p A4 (3.99)

where T. -- thrust coefficient [15] when Pn'.o:

• 2 (L ', -h- " 1 (~'~
parted k+ I PI _)-

ine P_>f x J+-- ( P" f' •
2k -

am of

bility

Below are examined some cases of calculation of change of

pressure in the combustion chamber p with respect to time of after

. cutoff effect, which is the basic calculated quantity, since in expression

number (3.99) the product of K,..F,,is a practically quantity.

ing the

nber, The character of decrease of pressure in the oombustion chamber

is caused by escape of combustion products, which are in the

chamber at the moment of feed of shutdown command (Fig. 3.9, section

taulic a-6), by escape of gaseous products, which are formed as a result

sharp of combustion of liquid propellant, which is in the chamber at the

ne moment of shutdown and additionally enters the chamber after the

the beginning of closing of cutoff valves (section 6-e). With stepped

shutdown the character of the curve on the second stage corresponds

to section 6-z.

s

eration

n for
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II n

Fig. 3.9. Example of' change be expre.
of' pressure in a chamber
during engine shutdown.

Ina,

small, f

In the beginning !,it us examine the problem about emptying of' in the f(

the gas voluime -of' the combustion chamber and the condition of'
'adiabaticity of' processes in it. Considering the gas ideal, weI
have system-of equations:

Dependinf

dYG.(3.100) regularit
di taking i

P~l~~C~l~t;(3.01)allows di
YRT,

VX' (3.102)
Witt

By -itgaigthe s temof' equations of material and energy- componen

balance for the chamber'. we havepac o
of def'or.

PK MO 1 2Vcan (3,203)dein6

Th mxiumgrdintofpesur dop wic cnaffect the commnand,.

efiiec (3. th ngn, scopte y omua

dY.,Fp Y KR7Z (3105
diX
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In this instance the solution of the- system of equations will
ige be expressed through function

PS-POe)P V.(3 106),

Inasmuch as the quantity of aftereffect pulse is relatively

small, frequently for-its computation we use equation of chamber

ty'ing of in the following form:

of I

1, we (3.107)

'Depending on the magnh:tude of component ratio kl(t) certain

(3.100) regularity 0(t) is established, and- the change of pressure in time

taking into consideration the variable value of component ratio
(3.101)- allows d4termining c(t).

(3.102)

With closing of main valves in the cdse of utilization of liquid

d energy components the injection of ,components into the chamber can take

place both because of movement of working elements and as a result

of deformation of lines or other elements of the hydraulic system.

(3.103) Time aid the character of feed of components in time depends on the

design of the engine and its operating conditions. The total

quantity of component, entering the chamber after supply of shutdown

ct the command,

(3.104)

where tI  the time of feed, caused by movement of the working

elements of a valve; t2 - the time of feed, caused by deformation

of structural elements; G2(),G(t)-functions, which characterize
process flow rates.

(3.105)
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Due to combustion .of propellant, which is in the chamber in

liquid state, gaseous products are formed in the quantity

, ;M" ,f w e c
. t Go= 16.d, (3.109) then f6

{. "possibZ

where rTao and r- periods of delay;, which correspond to initial graph p

and final pressure.Iet us examine a case, when from ,the teed •system dfter the&

command for ciosing of the valve the propellant is -not fed. Let where

us assume that shutd

TO AsPiT__ (3. Ii0) A

engine

where T0  delay, which corresponds to p = 1 and is deteimined by inte

experimentally.

The equation of the chamber will be written so:

p#P '----,p o ,-O (3.111 )

After separation of variables and ihtegration

d° 4- 3 -T-" p 3.112)

the solution has the form

pxG 22p (3.113)

With the absence of additional input of propellant residue into

the chamber the equation of the- chamber will be written so:

4+P=O' (3.114)

time

171



r -in Xfp' ~3.115)

If we consider that $'and RT, do not piractically, depend'on pressure,

"T. l9) then for the period, of -decrease of pressure in'. the chatnber it~ is,
possible to consider e const. In this case for construcl~ion of

graph- p,,(t) -we will have

Ltet where pK pressure in the chamber up t o thes I tart-Zbt rsjne
'shutdown.

(31-0)As a- fesult of the nonuniformity of processes observeddf ter
engine shutdown, the- aftereffect pulse- Is chaiacteiized- not only

Lned by integral--quantity (.8,but by scittering,.I0 ,

(3.-111)

(3.112)

(3.113)

idue Into
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CHAPTER IV

TANK PRESSURIZING SYSTEM

4.1. Equation of the Law of
Conservation of Energy 'for

a Pressurized System

During calculation and research of the change with time of

parameters of a tank pressurizing system, consisting of pressure

accumulator and a tank, the equations of laws of conservation

of energy and mass are included. The equation of law of conservation

of energy can. be derived in general form, and it will be suitable for

the study of the process of displacement of liquid from a tank with

the aid of any type of accumulator.

For the system, shown in Fig. 4.1, the law of conservation of

energy is written so:

Q=U+k, ( 4.1)

where Q - the quantity of heat, supplied to the working medium (gas)

of the system in a unit of time; U - the internal energy of working

medium; L - the work, being performed by gas.

The gas, entering the upper cavity of the tank from the

accumulator, is expanded. If the liquid is motionless, then the gas
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does not perform any work. If displacement of liquid from the tank

occurs, then the work, being performed by gas in the process of

expansion (the operation ofexpansion), will be spent on-overcoming For
the forces of resistance- at the tank exit and on increase of the kinetic

energy of outfloiing liquid.

cj k In P:
Fig. i4.l. Diagram of

P or tank pressurizing
system.

whero

heat

t

0

;O wher

diff(

the 1
If in the internal cavity of the accumulator as a result of the

propeilant combustion and thermal processes in gas mixtures there is

liberated heat Q0, and-heat exchange with the surrounding medium is

characterized by quantities Qa for the accumulator and Q for the

tank, then

Q Qo+Q+Q . (4.2)I ~Thet

If necessary there is considered the heat of chemical reactions Q.,

appearing on the surface of liquid, heat being consumed on preheating

and vaporization of liquid Q1 , heat of dissolution of gas in liquid

Qp.

where

The internal energy of gas is determined by the sum difft'

secor
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nk U= UI+ Ui. (.4.3)

ng
.For gas, contained in the accumulator,.

kinetic

Li=YoCA aTa. (4.4)

In precise calculations we take c ' #const, in. this case we find

O CV"-A(YS) r- -C A-T (YaT), (4.5)
di adi dt

where [ - coefficient, considering the effect of change of specific

-heat. The total mass of gas, which escaped from the accumulator

Where Ga - the flow rate of gas from the accumulator.

Let us note that in the right side of equation (4.5) under the

differential sign there is found the product of YaTa , inasmuch as ini

the process of operation of the system both the quantity of gas in

of the accumulator and the ,gas temperature change with time.

'e is

is For the gas, .ibcated in the tank, we will have

he

06=ECV6 -"(YTe). '(4.6)di

(4.2)
The total, mass of gas at any moment of time

Qa'
eating]' - o - d -- dlr d,( . )

quid 8' 6(

where Y - the initial quantity of ,gas in the tank; G- the

diffusion flow of gas per second into liquid; G -the inflow per

second of vaporizing liquid into the upper cavity of the tank.
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By .app-lying-the equation of state, we obtain Quantit

equatio

--- .'v (V.i + '.P.)+ CV (6 1i6 + V6P ) +
+ p ,v~ v + p V 4 ] .( 4 .8 )

,PaVaCVB +,P~y.CV 61 .8perform

* The derivative of work of expansion of gas in the tank will V 5

be expressed so: (411-).

(4,9)
rate of,

Let us- recall that

Ce_- rv=R; 'P t 4.,]0)

The equation of the law of conservation of energy can now

be written so [67]:

where V

CV4
416 (v..,. + P. '.+ V° + kPJ/, flo~w ral

= (Q o .+ .-1- 6 ) P YV ) py -_P6 V 6  CV6 (4.11)
i ¢CV6 C'/T v6 eva"

In the examination of current moments of time to get more precise

results it is necessary to take into account the kinetic energy of

gases. The ;kinetic energy of gas, contained in the accumulator,

LI

E. L)F \Q 1(X) [ W.(X)]2 dX, (4 .12)
0

where F (x) - the current value of accumulator cross-sectional;

Wa(x) - the current value of gas velocity in the accumulator. where

Analogically we write the equation for gas, whicfi fills the

tank,

E=.- LQF6(x)iW6 (x)2dx. , (4.13)
2 173
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Quantities Ea and .E should be subtracted-from the right side of
equation (4.11).

(4.8) If the chahge of temperature in a system is small,, then when
performing, engineering calculations it is possible to accept a

Va
Will = 0, which considerably simpli'ies the calculation by formula

(:4. l).

(4.9) The equation of energy can-be expressed through the flow

rate of liquid (component).

Free volume in the tank

(4.10)
G.

IOW 0

where V 0- initial free volume; pz - density of liquid;, X - mass

flow, rate of liquld.

"4.n)
It s obvious that

se V, . ( 4.15 )
gy of

or, The equation of energy takes the following form:

0

=t; '(4.16'
V6

_&V -EV, + P6V6 CV__S
where I Cvd CV6 (4.17)

R-Q
s the CV6

&= (4.18)
CV6

(4.13)
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'4.2. 'The ,Equation or Ekiergy ror- a
Gas Adcumulatorbu-n

I Taking Into account-that in a system with gaLs accumulator the
heat flows ire directed,. from the surrounding medium into the systeh,,
we obtain

~- (~dt~ ('4 19Yshould

-In certain cases it is convenient to write equation (14.19)
with the use of politropic Index n- : A s

V +6 +6 Oin - .0 (4.20)
ex 0 Qel

moreover the politropic index

CV6,GXPOex.(4.2].,)

It is obvious that and dcan vary with time-. In engineering o

calculations we are frequently guided -by some mean value of politropic
Lndex for the process.

If heat exchange is absent, then

Qa=QO=O (4.22) guided

and, as a consequence,

In this instance

n~k+ Q( PSV, aVG V6 V6) (4.24)

179



C6nditfion (4.24) will be valid in the presence of heat exchange,

but only 'if

or the.Qa±Q6=O. (4.25)
system,

Equation (4.25) shows that total heat flow into the system

should not vary with time.

,(4.19)

With an isothermal process, whenn = 1,

(4.26)
!V4 03 Pi

As, is known,
I(14.'20)-

k (4.27)-

Therefore, in an isothermal process

('4.21) o+O.) ,., (4.28)

or

Dlitropic

(4.29)

Let us determine the required volufte of accumulator. Being

guided by expression (4.29), let us write the initial expression so:
(4.22-)+ +(

(4.23), (PaV 6 5 .,. 3

Let us examine a case when p,, const. Having assumed cVa =

C V5 =0, we find

(4.24) 
(431)
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By integrating, we obtain

iv, .32) fno 0 0 find

The solution has the following fort:

-'-VVgpg (4.33)
Pao- pa eva P-pa

or QC in

s urrot
iVP 6o-, ( I. 4)

jPao - PA (-4

moreover durini

n=_ . +Q Q (4.35)

or where

-- 1) +_ over

Pv6 "(4.36)

Thus, for decrease of the volume of accumulator one should not

equip the accumulator and tank with heat insulation. It is necessary
where

to raise the initial pressure in the accumulator and decrease final

pressure pa" It is obvious that pa will always be larger than p6.

For approach of quantity Pa or p. one should apply reducers, which

operate in subcritical conditions. It is expedient to use a system cigare

for feeding gas into , the tank, consisting of a valve, controlled with

the aid of a pressure relay.

The politropic index in equation (4.34) is frequently determined

experimentally. In the process of displacement of liquid index n in
For th

the beginning, when t - 0, is equal to the adiabatic index. Then it

is rather rapidly and sharply decreased, whereupon it begins to In-

crease, asymptotically approaching (according to data of theoretical
calculations) the value of isothermal index, equal to-one.
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6 1

4.3f. The Equation of Energy for
Cartridge Accumulator

(4.32) According to expression (4.16), considering G const, we

find

+(j.p. .) + v, + k. , O-. ).(.7
ez CV (4.37)

(4.33)

Here Q'a and have a minus sign, inasmuch as heat flows Q andH e r 4 a P n da n
QC in the considered case are directed from the system into the

surrounding medium.

(4.34)

The elementary .quantity of heat, which was liberated per second
during combustion of grain, will be equal to

(4.35) 0o=ev),,, (4.38)

where T the combustion temperature; Y - the mass of grain, more-

over

(4.36)

tf(IdI==,, ?udt,(4.39)
ould not Y"---- 1 (I)d&--Q.3
ecessaryfinal where p- the density of grain; u - the rate of burning.

;n p..

which For cylindrical grain with diameter D, height Z = D during

system cigarette burning

led with .DSl(l)= ---=const 
(4.40)

4

, = Q. --D- U. (4.41)
determined (

ex n in

Then it For the rate of burning let us take law

to in-

,retical -a
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IA
Now instead of expressions (4.39) and (A.42) we wil hav

YQS(1) (N+ ap)d4

Let us examine expression

_;V CV -(. we at~

Taking into account ,that the force of powder,, i.e., the

efficiency of powder-gases [81]

f-RT, (4.46) The e

instead of expression (4.45) we find

-2 .00= f k = k f OK ( 4 . 4 7 )
Cv

or where
ducti

-V. 48) takes

where f0 -; the given powder force; k - adiabatic index.

The law of the burning rate depends on the quality of solid

propellant, the burning conditions and other factors. Therefore,

expression (4.42) cannot be used in all cases. When performing where

calculattons the law Of burning rate is selected with consideration accum

of a particular situation, being guided by results of special research.

Equation (4.38) can be written thus:

4=Cprn. ( .49)
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Then instead Of expression (4.45) we obtain

14.43)
R (14.50)

CV
(4. 44) Takindg into account that

RTafo (4.51)

(4.'45) we obtain, as in equation (4.47),,

_4 Q0 kfYk. (4.52)
CV

(4. 46): The equation of energy takes the following form:

i (V.. ,+PA)+Va 6 +k p 1o=

R (uo#ap-)F .]. 4.53)=a[k.,'o.y(0 (uo'-tap:) "

(4.47)

The given powder force fi is a" constant reference quantity,

whereas quantity RTa can vary with time. Therefore, after the intro-

duction of the value of powder force into calculation the equation

(4.48), takes a quasi-static character.

If p6 a const, then expression (4.53) will be written so:

lid p6dV6 r),f/dYn, (4.54)

where coefficient n considers heat losses and the change of
tion accumulator parameters:

lesearch.
R _L_ d V

T1= 1 ev t.d (4 55)
ktfo'

(4'49) Integration-of expression (4.54) is possible if relationship

rffQ , Yn' VaJ ... )' is known, or if n is assigned according to results
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of processing the experimental data or is calcr.Xated and Its mean

value taken. In the last case

(456)
Vi obtain

Heat losses, can be considerable and then coefficient ri proves-

to be substantially less than -one. As d r~sult of heat losses

being variable With time the pressure in the tank. wii be variabld".

In order to provide p6 = const, the decrease of pressure due to where

lowering of gas temperature should be compensated by additional feed

of -gas from the accumulator into the tank. For this purpose we

apply profiled restricted grains. Sometimes the tank is additionally

equipped.with a regulator.

4.4.. TheEquation of Energy for a Hot the ra
(Liquid-Propellant) Accumulator

If we accept a = 0, Va = 0, then the equation of energy, not

allowing for delay of burning, will be written so:
to the

V6j.gkp6 V64t 6c- oa(¢o -  (- 4.57)

moreov
The quantity of liberated heat

Q O =S (G + P)p7'ad 1 (14.58) W e, When d

in the

where G and G2 - the-imass flow rates per second of the components, which

which feed: the generator.

If G= const, G2, const, then c T = const.

With constant pressure in the tank, considering that heat

flow is directed from the system into the surrounding medium, we will f'or ig]

have
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s CV (,6)R, (4.59) ,

After conversions under the condition that V6 = const, we

4I(4.+'56T
obtain i

n proves 
p(4.60)

ses V6

arfab le.

,e to where the coefficient, considering heat losses,

onal feed.

e we I -- +Q

ditionally 1([+02. ] 1 ,, (4.61)(G '.,+o02)j 00- ,

Coefficient nt is the thermal efficiency, inasmuch as it is

the ratio of usefully utilized heat

ergy, rot (4.62)

to the total quantity of heat, which was liberated in a hot accumulator,

(4.57) 00=(G, +a,)CpT,, ( 4.63)

moreover

V). (4.64)

(4.58)
When designing feed systems with a hot accumulator constant pressure

in the tank is provided due to change of flow rates of components,

ponents, which feed the generator.

4.5. The Equation of Law of Conservation of Mass
for Tank Pressurizing System

heat The law of conservation of mass for accumulators not allowJnr

m, we will for ignition delay is written thus:
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Y y ya, -(4.651)

-where Y - the mass of propellant, which enteied the accumulator at

moment of time t; YX - the-mass of products,.which escaped at the

same moment of time; TFa - the. mass of products, which were accumulated

in the accumulator.

'The equation of the law of conservation of mass for a, tank

can be written so: express

Yx=y6+yf Y (4.,66)

where Y. the mass of.gas in the tank at moment of time t.

.From expressions (4.65) and (4.66) follows -the equation of law

of conservation of mass for the Lentlre pressurized system: contain

Y=a+Yo. (4.67)

Let .us return to equation (4.'65). For further conversions

we use the equation of state and we find
then

-(Rar,) -

R 8 T; R. - (4.68)

The total mass of escaped gases

where V
i of liqu

Y,= Gdt, (4.69)

consequently,

'N z-- , Pa (4.70)

where, as before,
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4I

(4.65) 2 0

P\ II(4-71)

)r at

the The derivative from total flow rate

cumulated
t=G1+G,. (4.72)

,ank By substituting the obtained values .of derivatives into

expression (4.65), we find

d d I(4.66) (o.+j)-~ T(PaY')  p~, (rT)
~7Pa A V jy. di (4-73)
R~  "r, RAT6  (1473)

By using ,equation -(4.66) and 'the equation of state of gas, I
n of Law contained in the tank, we find

(4.67) ~Gdi= (4714)

0

ions
If the flow rate of liquid from ,the tank varies with time,

then

(4.68) V==V +'- - .t, (4.75)

where V6 - ini'tial free volume in the tank; G. - the mass flow rate

of liquid per second from the tank; px - liquid density.(4.69)

Consequently,

I I
,, Odi

(4.70) p6=R6T6  . (4.76)

1860 + Gdi
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IiI
-Equation ;(4.76) establishes the connection between the inflow

of gas to the tank and the flow rate of liquid from the tank. pressu

is pos
4.6. The Equation, of Mass f6r Gas Accumulator expres

ship bi
-Let us use expression (4.73). During operation of an engine such a

the accumulator is not ffilled with gas, and therefore GI + G2 = 0. n(M), 1

The volume of accumulator Va = const, therefore, when Ra =onst data.

If the process of overflow of gas is considered polytropic,

then

S(4.8) we obta
--,- p S P o 

( 4 -7 8 )

and instead of equation (4.77) we can write

If ba =K F. a VT7 ,, _V.. "p , (4. 79 )

After trans formations

After t

=Zp- 28 (4.80)

where Z = Ppa i R7.- (4.81)M-1 where t

Having separated the variables and integrated, we find ing seqt

charge.

by usin

ft=-V, ( p. (4.82)
(n - 1) 9a

1,89



d!

Lnflow Equation (4.82) allows -constructing a curve of the change of

pressure in accumulator with time., Further, from -equation (4.7.9)'it

is possible to find the change of temperature Ta with time, -and from

expression (4.70) in the case of supercritical outflow - the relation-

ship between flow rate of gas and the time of outflow. For performing

ngine such a calculation there are necessary graphs of functions F p(t) and

= 0. n(t), which are obtained by calculation'or by processing experimental i
st data. I

'(4.77) 4.7'. The :Equation of-Mass for Cartridge Accumulator

Let us use equation (4.73). Taking into account that [81])Pic,

-tfom-RRTa; YU G1+ G,

(4.78) we obtain

f ,-F,;d/'p=p. +±.- V.k. (4.83)

If = Va = , then
(4.79)

(4.84)
Vfo

After transformations and integrations we find

(4.80)
-- ~Kp4 (4.85)

(4,81) where t --the burning time of grain.

Calculation of the accumulator can be performed in the follow-

ing sequence. By formula (4.56) determine the required weight of

charge. By knowing the law of burning according to formula (4.42),

by using equality (4.41), we find

(4.82)
19 (.86)
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II
'By equation- (4.86) determine the diameter of grain, while

knowing the displacement time of liquid

tmQE V6 (4.87)

where-G. -the flow rate, of liquid from the tank.

During calculationby formulas (4.86) and (4.87-) one should

consider that the burning time of grain in the accumulator t is

equal to the displacement-time of liquid tx.

By using formula (4.85) calculate the required nozzle throat.

area of the accumulator.

Let us ii6te that during derivation of equations the system on the

whole was cdnsidered, i.e.,,-acculator and tanks. During investigation necess

of laws of change of intratank parameters with time we write the transf

equations of accumulators and tanks separately with consideration of the mt
the'kinetic energy of gas flow. If it is necessary to study the liquid
processes of outflow of gases from the accumulator into tanks more

comprehensively, then one should draw on additional equations of

thermodynamics and heat transfer. In a number of cases the condensa- the ste

tion of products and the vaporization of liquid are considered.I propell
However, one should comprehensively describe the entire complex of

,processes as applied to particular constructions.

which c

it is a

tions h

which c

and equ

upper c
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(4.87)'

hould

s CHAPTER V

INTRATANK PROCESSES
throat.

5.1. Heat andMass Exchange

stem on the During qalculation, design and research of feed systems it is

Stigation, lecessary to know the conditions of heat exchange in the tank, mass

the transfer between gas and liquid, located in the tank, conditions of

ation of the influence of gas on liquid, the character of displacement of

the liquid from the tank.

s more

s of The study of the indicated processes allows correctly organizing

condensa- the storage of liquid in the tank and thesupply of an engine with

ed.
led. ofpropellant during its operation.lex of

Calculation is performed for a number of characteristic periods,

which can in~lude the following.

Storage of a full tank at constant ambignt temperature. Here

it is assumed that the tankis under certain pressure. In such :ndi-

tions heat exchange is absent, there takes place molecular diffusion,

which continues until the saturation of liquid by gas is finished

and equilibrium is established between gas and vapors of liquid in the

upper cavity of the tank.
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Storage of a full tank at variable ambient temperature. In liqui

these conditions heat exchange sets in'between the environment and

thegas,, located In the tank, and also between thee6nvironment and

liquid. If the intensity of heat exchange with gas and liquid is const

different, then'heat exchange between gas and liquid appears. As a

result of heat' exchange with the environment the temperature in

boundary layers varies, which moves the gas -and liquid. During consi

heating, for example, the gas and liquid in areas adjacent to a wall By ex

will .be lifted upward -and move downward in the central part of the follo

tank. The direction df motion of the gas and liquid on a mirror of

'liquidwill be recipt'ocal.y opposite, which will lead-to the inten-

sification of diffusion. and fi

the w,
Increase of pressure in the tank before engine starting. The 51) 1i

,displacement of liquid is not yet fulfilled. The change of the perat1
temperature of gas with time will depend on the type of pressurized the t

system and heat exchange between gas and the wall, gas and liquid. let.u

This period is rather short and any noticeable diffusion processes

here are not observed.

The displacement of liquid during operation engine on a stand

or at launch, but before takeoff of the rocket. A change of tem-

perature and volume of gas occurs. The ambient temperature is

assumed constant. Heat exchange takes place inside the tank between

gas, .he wall and liquid. Part of the energy of gas, the quantity

of which increases with time, is spent for displacement of liquid;

in this case hydraulic resistances and mass forces are overcome and

the kinetic energy of outflowing liquid is increased.

Displacement of liquid during operation engine in flight.

In comparison with the previous case the calculation is complicated

in view of'heat exchange between the environment and the wall of the

.tank.
4

locate(

5.2. Heat Exchange

In the last, most complex case heat exchange occurs between

gas and the tank wall, gas and liquid, environment and wall, wall and
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In liquid, and also the transfer of heat along the wall.
t and
-t and In certain cases heat exchange between gas and liquid is

d is considered.

As a

in A rather complete picture of heat exchange can be obtained by

ng considering two-dimensional nonstationary heat flow in the tank wall.
a wall By excluding heat exchange between gas and liquid, we arrive at the
f the following equations.

ror of

inten- The intensity of heating of the tank wall on the part of gases

and from the external side is different. The temperature field in

'the-wall will be unsymmetric. Inside the wall, along axis x (Fig.

}. The 51) let us separate the boundary, on which the derived wall tem-

;he peratures along axis y become zero. Considering the diameter of

,urized the tank incommensurably large in comparison with the wall thickness,

quid. let. us write calculation equations in Cartesian coordinate system.

:esses

stand
tern- T, I Fig. 5.1. Diagram of heat
s transfer in a tank.

,between

-ntity

iquid; ,

me and *

t . R

licated

1 of the

The equation of thermal conductivity for part of the wall,

located to the left of the considered boundary, will be written so:

-I- V (x~rht)J , [a- T (,y~)~T~tt 51

tween

wall and
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where the coefficient of temperature transfer of material of the wall

aCT 'j- . (5.2)
eCQ, where

time;The equation of thermal conductivity for the part of the wall, the c

located to the right, of the considered boundary,

- Y, (5.3) liqui
initi

.Below the liquid mirror convective heat 
exchange occurs between

the environment and wall. From the wall liquid heat is transferred

due to thermal conductivity. For this part of the wall the equation
of thermal conductivity will be written so:

When performing calculations one should bear in mind that the h
trans

aC=(T). (5.5) writt

The following equation describes thermal conductivity in

liquid:

S[Tx(x,y,t)] = [ T_.x(x,t)+~ T_: r ) ( 5.6 ) the eiIT. • = a.T ' ( ) of ii (

For determination of the boundaries, within which the written

equations act, let us take the origin of coordinates in the upper

part of the n t he inside of the wall. Current value of x=X,

characterizing the position of the boundary of gas and liquid, or,

which is the same, the position of the liquid mirror, will be condi,

determined by equation
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the wall -
x," + Gdt,

(57.')
0(-5.2)

where xo- ; the position of liquid mirror at the initial moment of 4

time,; Gi- the current Value of flow rate liquid from the tank; F6-
*he wall, the cross-sectional area of the tank.

At the initial moment of time the temperatures of the Wall and-
(5.3) liquid are equal to a certain- nrescribed temperature 70. Therefore,

initial conditions will be written so:

S between T, (xy,O)=TO;
s ferred 1. P)

equation- T (x,y,O)=T0  (5.9)

2(X-y,O)=To; (5.10)

T (xy O) =To. (5.11)S(5 .4 )"

On the boundary between gas and liquid above the liquid mirror
the heat flow, directed from gases to the wall, is completely
transferred to the wall, therefore the boundary condition will be

(5.5) written so:

a,'.- T1 (.011)] =X?2~[ 1(,,).(5.12)
in

The external surface of the tank is heated convectively from

the environment. For the part of the wall, located above the level(5-.6)
of liquid,, we have boundary condition:

upp e [T.-T,(xot)]=X, T' (x0t)]. (5.13)
•upper

of x-x,
id, or, For the wall, located below the level of liquid, the boundary

be condition will be written so:

IT* - x,0I=-k, ' [T 2 (X, Olt)] (5. 14 )
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. .

For the boundary of temperatures Ti and T the condition can Boundar

be written in the form conditi

when hE

(515is equ

(T t •(5.16) should'

'or In this form:

T1 (x,,t)=T (x,81 ). (5.17)

Below the liquid level for the inter'ioi wall of the tank, considering

the steady change of temperature, we have boundary condition moreov

and coi

T,(x, 0 t)=T(x, 0, t). (5.18)

part o
'Preheating of liquid in the tank is symmetric relative to the 

change:

axis of the tank, Consequently, for the axis below the liquid level

the boundary condition will be written so:

j [Z(x,-RO]=O. (.

Now 'it remains to write the conditions for boundaries, directed

along axis y.

where

In the upper part of the tank wall, where the origin of

coordinates is located, it can be considered that

gas.

(0 Y0 liquid

77O (5.20)

, (5.21)
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a -A

dition- can Boundary condition (5.20) corresponds, to section O<Y<, and-

-condition (5.21) - to section 6<g86. These conditions are Justified

when,'heat flow of the top of the tank to section (0y) when- O<y<6

(5.15) is equal to the flow from the wall to the same section.

For boundary (xp,y) when O<y<6 equality of temperatures
(5.,16) should be fulfilled: 7

T,(X;,gYA=r2(x;1,*~) ( 5.22 )( 5.47 ) , (5.23)

Considering

ion moreover boundary condition (5.22) corresponds to section O<y<,

and condition (5.23) - to section 8<y<6.

(5.18)
The following boundary conditions are written for the lower

part of the tank. If it is possible to consider that there are no
ive to the changes, in temperatures along axis x, then

quid level

ax(-519) a: [T(L,y,o)J=o, (5.24) ,

J A

as, directed

where L - distance to the lower part of the tank, i.e., xp=L.

The last boundary remains - the demarcation line of liquid and

gas. In the absence of convective heat exchange between gas and

liquid the boundary condition will be written so:

(5.20)
-a (x -,-,y] oj

T- ( - .(5.25)

(5.21)
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If the- lquid ,mirror is convectively heated prom gas, which is in E

the tank, then, inasmuch as all the-heat., supplied-to the mirror,

will be realized in, the preheating-process of liquid, we -obtain

o, lr.x;, (5.26 )
Lo

ho

Both boundary conditions correspond- to -section -R<y<O. WC

Let us note that boundary c6nditions, with the solution of

particular problems, should be refined with consideration of the tank

construction and the specific Character of heat exchange.

Sometines to get a preliminary approximate idea about heat

exchange in-the tank we conside.i a:une-dimensional equation of thermal

conductivity under the assumption of heating of the wall on one

side or in the presence of equal intensity heating bdth on the inside

and outside of the tank.

5.3. The Solution of One-Dimensional Equation
of Thermal Conductivity

If we disregard heat flows, directed along axis x, then the 
con

equation of thermal conductivity takes the form 
cor

env

- T.(, )= , "-" vO,( 5.27 )

where Tem- the wall temperature.

Let us determine initial and boundary conditions. In the initial

moment of time 
The

(Fig

TC, (Y, 0) = TC1o.
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is jn By analogy with equation (5.12) let us take boundary condition-

11irror,
)tain,

(5.26)
Let us examine a symmetric problem, which corresponds to identical

heating of the wall both inside and outside (Fig. 5.2). For y=8

we have boundary condition

Ion of

of the tank T (SS)=O. (5.29)

theat-

n o'f thermal Te, when sa-
-onFig. 5.2. Temperature distri-

n one -bution-in the wall in the absence

the inside of heat exchange with the envi-
whene" - ronment..when tzo

If we consider half'the wall.thickness (Fig. 5.3), then the

hen the conditions of temperature distribution along the thickness will

correspond to the absence of heat exchange of the wall with the

environment. The solution has the form [59]

(5.27)
T, (y,1)=T,-(Tr ,,TO) 2s In !A, -cos 1& X

To IR -sin .. cos P

X 2 Jexp -- ) • (5.30)

initial
The roots of characteristic equation Pn are determined graphically

(Fig. 5.4) with respect to points of intersection of contangent curve

y=ctgP (5.31)
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$ U

change c
,with a strelght line actual

the thic
IC?

Y= -I -•t. (5.32) Such a r
of worki
the eleff

Usually in expression (5.30) the series rapidly converges. Values of

, are tabulated [59.

q, when I= -
wFig.-5.3. Temperature distribution

T . when- Ot<0 in the wall in the absence of heat
exchange with the environment.

T, when tD[

Fig. 5.4. The graphic method of
determination of'roots of charac-
teristic equation.

The elemi

5.4. The Heat Transfer Coefficient. Convective The elen,
Heat Emission in Stationary, Conditions

In the process of convective heat exchange the working medium

transfers heat to the wall, so the quantity of heat, received by
The chan

the wall, is equal to the quantity of 'heat which is returned to the

working medium. In heat exchange there takes part the boundary layer,

the thickness of which is designated S. First let us examine the

abrupt change of temperature from T to Tc, which in Fig. 5.5 is re-

presented by line abed. Under the assumption or such an abrupt
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change of temperature the process of heat exchange is isothermal. In.

actual conditions the temperature of the working medium varies along

the thickness of the boundary layer approximately along line bd.

(5.32) Such a process,of heat exchange is nonisothermal. The change of -mass

of working medium with the change of thickness of boundary layer on

,the element of length di will comprise
lues of

dmt2xred6dx. (5.33)

ion ---
atw I x Fig. 5.5. For derivation of the

equation for determining the heat
emission coefficient.

The elementary change of heat in -this- case

dq.2xrQcd3- d r. (5.34)

The, element of the heated wall surface

dF2rdx. (5.35)

edium

by

o the The change of heat, received by the wall,

-y layer,

the dqwadFdT, (5.36)

s re-

or
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where

Having

By equating the right sides of equation (5.34) and (5.37), we obtain

A dx 
By subs

QdidX . (5.38) in equa

'ConSequently,

A dxaf rx, "(5.39)

In:the

or- introdu
decreas

a=QcW (540) process

6xchang

Now let us multipl. the right and left sides of equation (5.40) by

complex

d V

After transformations we obtain Now the

Nu=Re.Pr 7dX (5,.41)

where the Nusselt number Nu=-Sd, Reynolds number Re=-wd and Prandtl

X V

number Pr=-Qv. The thickness of the layer, which takes part in heat In that

exchange, is proportional to the thickness of boundary layer. In layer,

turbulent flow

&=a,0,37 . ,o,8ReO.a0' (5.42)
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where a,- 'the proportionality factor.

Having taken the-derivative with-respect to z, we obtain

(5.37)'
S(5.43)

e obtain

By substituting the value of the derivative from expression (5.43)
(5.38)- in equation (5.41), we find

Nu=aO,296(-.)°ReO$.ir. (5.44)

(5.39)
In the examination of actual processes into calculation there is
introduced the coefficient of nonisothermicity 0, considering the

decrease of heat, yielded by the working medium in the nonisothermal

(5.110) process, in comparison with heat characteristic for isothermal heat

exchange, moreover

.40) by
I I l* d

T--L T(6)dt0- (5.45)

Now the calculation equation will be written so:

(5.41)
Nu-a,0296 ( -'Reo.s.pr.p. (5.46)

and Prandtl

art-in heat In that area of heat exchange, where there is a laminar boundary

r. In. layer,

xd

(5.42) Re (5.47)
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Having taken the derivative with. respect to x, we-obtain The obi

thus,'i

use fo3

The calculation formula will be written so:,

Nua /4RX~r~ (5.149)

moreov

During derivation of equations (5.46) and (5.47) there were not With c)

considered many features, characterizing the heat transfer conditions;
in each separate concrete case these features are manifested

differently. Therefore, the calculation formula should be written

so:

it is ,

Nu=A (d-)'Re.Pr.p, (550) temperz

general

where factor A and exponents k, m and n are determined by results of
processing of experimental data.

Now we
Convective heat emission of stabilized flow

With steady state the thermal and high-speed stabilization of

flow can be forcibly created and started at any distance from the where
place of entry of the working medium into the heat-exchange device.

If xoPl

During motion along tubes the stabilization 
is begun at such a

distance xil, from the place of entry, for which 8-A-R.
24

In this case

( 0,3 Re- ,925 T
factorl

functi
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The obtained value (d!/)O is retained for other values of 1>1, and,

thus, characterizes the conditions of stabilized heat emission.

(5.48) For .determihation of the coefficient of nonisothermicity let us

use formula T94]:

Wl&)-W. ,l; l)rlll (),,

(5.49)
moreover X scarcely depends on the Re number.

e not With change of temperature from To to Z.

conditions;

ed

written T(8)= (To- r)( R) + Tr..

It- is logical to consider [63) X as a power functlon of the

(5.50) temperature transfer coefficient at prescribed viscosity or,

generally, of the Prandtl number, i.e.,

results of = p-.

Now we find that

zation of

r tece. where X0 corresponds to X when Pr 1.

If ZoPr'- bI1, then

at such a

Xo P&A-

The effect of the direction of heat flow and a number of other

factors on the intensity of heat emission is considered by power

function
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Pr'?/

Thus, for turbulent flow

Nu-ARe, Prs. (5.51)

If we accept the values of X0, m, n -recommended in [63] and [94], then

calculation by formula (5.51) will give good- convergence with results

of processing of experimental data.

With free convection

Nu-A(Pr.Gr)c, (5.52)

where Grashof number

Gr= BTV2 (5.53)

B - the volumetric expansion coefficient of liquid.

If the difference of densities of liquid is determined by the dif-

ference of temperatures, then

BAT=- . (5.54)
Q

the st

Tables 5.1 and 5.2 contain the necessary data for calculation of Examin

forces and free convection in fuel tanks. emissi

effect
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-Table 5.1. Forces convection in a fuel tank,

[according to formula (5.51))l.

-H t 'eaxbange eonditin A~ I

I <Re <4 -0,891 0133
4<9e<40 - 0,82L 0.M06

4IO<e<4.104 047j4,68
4103<Re<4.104 6004 0,40W

4.104<Re<215 10 j 0,02.39 \10,80

Gd
Note: Re=-, h=0,f=0.

[4,then -I

h results

Table 5.2. Free convection in a fuel-tiink [ac-
cor'ding to.- formula -(5.52-)].,

qea- 1
.ex ~ne AArea of application,

motion

10$<(Pr.Or)<2. 107
,, Laminar 0:,54 0-125 T>r

(553 motion 3.105 < (I'r.Or) < 3. 1O10

U~i0,27 0,25

0

t) Turbulent 107 < (Pr.Gr) < 3.1010
motion 0,14 0,33 r. >r 2  10

he dif - Note: Nu

Convective heat emission in,,,nonstationary conditions

(5.54) 'Separate works, for example [20], [35] have been dedicated to
the study of heat emission conditions under nonstationary conditions.

n fExamination of the effect of derivatives b and #. on the heat
emission coefficient presents the greate~t interest. Under the
effect of 0there occurs a change of the velocity profile; if O>0.

208



'then increase of the coefficients, of heat emission a and hydraulic Valui

resistance '. If heat flow q varies w&ith time, then convective Gali

heat exchange is affected by n6nstationary preheating of the working with

medium, which leads to an increase of 6 when 4>0. Therefore, for and

determination of the Nusselt number .in nonstationary conditions it cons:

is possible to recommend formula resu

is P(Nu (1)-Nalp,()()

where Nu - the %aiue <of Nusselt number ,under steady conditions.

If 0 then i,(G)-ti. If 0 affects the magnitude of the heat

emission coefficient, then with increase of d function 9!(O) will calcof ri
approach a certain limit, equal to *,. If #-0, then y(4)- I, since

in this case

of s-
Nu (t)'- Nu. it pi

the I
With increase of 4, even with instantaneous growth of heat flow,

function wz(4) takes some limiting value *,.

of t1
In engineering calculations it is possible to take the exponential of a

law of change of functions in the form wall

each

time

By using the theory of dimension, we find

d2 _where

'(T -c,)C - The I

where a- the temperature transfer coefficient of working medium;

T-To,-- the temperature difference, characterizing heat exchange.
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.ic Values of j,, are determined experimentally. Actually, B. M.

Galitseyskiy, E. K.;Kalihin and others [20], [35] in experiments

king with tubes 'for air when l.-1O'<Re<2.lO', feed pressure o.46-i.6 Mn/m 2

r and relationship TIT,,-1-I ,44 obtained the law of change of the

it considered functions, close to expotential. By generalizing the

results of a number of experiments, for approximate calculations it

is possible to recommend *-,I--!i 2 and q-0,05-,10.

5.5. The Method of Regular Conditions

In engineering practice we use approximate methods of
l heat calculation of heat exchange in the tank, one of which is the methodwill

ince of regular conditions.

The tank along axis x is divided conditionally into a number

of sections, the length of each of which is equal to Ax. Sometimes

it proves to be convenient to divide the tank into sections,

the lengths of which are various.

Calculation is performed under the assumption of abrupt change

of the height of the liquid level in the tank. The emptying time
onential of a section with height Ax is equal to At. For each section of the

wall parameters are averaged, and the gas parameters are averaged for

each interval of time At. Let us assume section Ax is heated during

time At. The heat flow, being directed from gases to a wall,

dq-G(Tr-TC)dl, (5.55)

where T,,,- wall temperature on the part of gases.

The increase of enthalpy of the section wall

um; d-2nR6AxQectdTc,,, (5.56)

ge.
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where-.-.-- wall thickness; Qc- density of wall material; ecC?

specific heat of wall material;. T c~mean wall temperature, moreover

(5-57)

T,-temperature or external wall surface.

The method or regular conditions is based on the assumption that ao
nume

,Te,j-T,,2-AT.,=const. (5.58)
,heat
firs

consequently

drcT--;dTc?,j. (5.59)

whez

Considering in t

the

dq-di, (5.60)

we find

aCT TheCT

Wn840CCT Tr- eT (5.61) sc

Hence through time interval At

T.c:Tr!1 -exp( - Bj)+rC,oexp(- Bat), (5.62) the

where TCIo- initial value of wall temperature on the part or gas;



Cci -

moreover B= 6
2ERSAX e. •y (5.63)

5.6. Calculation of the Heating of the Tank
Wall Along' Sections-

During calculation of heating of the entire surface of the tank

tion that along sections, the humbeiP -of sections-is designated by Roman

numerals, and the time interval's -,Arabic.

(5.58) The internal surface of the first annular section Ax will be

heated for At s. Heat, transferred from gas to the wail in the

first period,

AQ1, =a,2xRAx(T.1 - T,,,,) At, (5.6 4)

(5.59)

where (1 - the coefficient of heat emission from gases to the wall

in the first period of calculation;

the increase of wall temperature in this case

(5.60)
AQ1,A 219R8AXQCT (5.65)

The wall temperature of the first section at the beginning of the

(5.61) second period

TCT12 TcTIl{ ATT ,; (5.66)

(5.62) the mass of gas of gas in the tank during the first period

mI= P, (Vo+2xRAx), (5.67)
of gas; Rri

212



where V0 - initial free volume. Heat

The decrease of gas tempetature will be equal to

-- v - (5.68) Total

where Cv,- the specific heat of gas in the first period of calcula-

tion.

In the second period of time there occurs heating of two The d
sections, but temperature Tx of the first section will be higher
than temperature j,ut" of the second section, Just asappeared from
under the liquid mirror. The mass of gas, heating the wall in the

second period,

(5.69) tempe

Inasmuch as time interval A is rather small, during calculation it

is possible to be guided by the average and constant value of

specific heat.

moreo
The gas temperature in the tank at the -beginning of the second

period of heating

m, (rr -- Ar,j) + Tro Grd( ,,= 1 M (5 -70)

where T,.- temperature of a fresh batch of gas. even

Heat, transferred tu the first seotion in the second period of time, analo

Q,2 = x 2 -,At. (5.71) draw
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A

Heat, transferred to the second section in ,the second period of time,

AQ, 1g=a,2iRAxlT, 2-T:, 112) At. (5.72),

(5.68) Total heat, transferred to the wail, is equal to

f calela- AQ,=AQ1 +±Q,,. (5.73),

wo, 'The decrease of gas temperature in the tank-

e higher

red from AQ2

in the AT f2.. (574)

The new value of gas temperature is initial for determining the

(5.69) temperature in the third period:

Ahi,

at ion it2 (Tr2 - AT,1) + Ta.0 Grdttlon It (5.75)
of m

moreover

e second
Al,

M2 h i.ms=m3= GdI. (5.76)
it,

(5.70)

In the third period of time there is calculated the heating of

even three sections, and calculaticn equations are written by

of time, analogy with the previous.

For performing of more precise calculations it is necessary to

(5.71) draw upon equations, characterizing the chemical composit~ion 
and the
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thermodynamic parameters of gas, which. are continuously changed in arrive;,

the process of displacement of liquid-

Let us note that when using the formula of regular conditions

(5.62) there is calculated the change of wall temperature with time.

During calculation of heating of the tank wall along sections in the At the

case of-utilizati6n of formulas '(5.61)-(5.66) there is assumed an tank (

abrupt changeof temperatures. The results can be refined, by using

the method of regular conditions in calculation with respect to

sectIons.

5.7. Mass-Transfer, Diffusion of Gas int0 Liquid I

before

Diffusion can be molecular or turbulent. at the

will b

Molecular diffusion is observed in the absence of heat exchange

of the tank with the environment and the mechanized mixing of liquid

or circulation of gas. Turbulent diffusion is characterized by

the presence of liquid or gas currents. At re7

partia
For the tank the equation of molecular diffusion in cylindrical tank i

coordinate system has the form

dl C)x2 r r (5.7)
where

Theref

where c -the concentration of gas in liquid; D,- coefficient of

molecular diffusion

In equation (5.77) the first term &c/8x 2 considers the change

of.concentration along the depth, and the second term - along the At rat

radius of the tank. However, in the case of molecular diffusion of gas

the flow of the mass of gas is practically uniform over the entire condi

section of the tank; in this case instead of equation (5.77) we
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tnged in arrive .at nonstationary, one-dimensional equation

iditions . (5.78)
ith time.
ns in the At the initial moment of time (t 0 0) along-the entire depth of the
med an tank (x) the concentration of gas c - 0, i.e.,by using

t to ic( 0)-O. -(5.79 )

If the tank was serviced with liquid and filled with gas 4
before beginning the research, then at moment of time t 0 0, i.e.,
at the beginning of calculation, the concentration of gas in liquid
will be nonzero and instead of condition (5.79) we will have

exchange
of liquid c(x, O)=-o.

d by

At relatively low pressures the concentration is proportional to the
partial pressure of substance, diffusing from the gas cushion of the

rlindrical tank into liquid, i.e.,

c=Kpi,. (5.80)

(5.77)
where K - Henry coefficient.

Therefore the boundary condition can be written so:

,lent of

c(O, t)=Kpi. (5.81)

change
At rather large depths on the bottom of the tank the concentrationDng the

usion of gas in liquid is practically equal to zero; this leads to boundary

entire condition

we x c(oot)=O. (5.82)
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The diffusion coefficient is inversely proportional to viscosity, The

which depends on- the pressure. The theoretical relationship of the

pressure coefficient to Eyring and Frenkel temperature has the form

DDjexp.(- -), (5.83) whe

exp

where 'Ej- the activation energy of the diffusion process.

After -transformations we obtain equation. In

amb

I iD-A of

com
During the study of diffusion in hydrocarbon fuel, but under actual coo:

conditions, i.e., with vibration of tanks, V. P. Logvinyuk obtained

the following approximate dependences:

NuD 0,05 Re SO5;
D,,D(I +0,03 Re$0,4)1 whei

where' NuD- Nusselt diffusion criterion, moreover

D
by t

k - mass transfer coefficient; h - the depth of penetration of

diffusing gas, measured from the liquid mirror; S,- Prandtl

diffusion criterion, moreover

With

D- turbulent diffusion coefficient; D- molecular diffusion

coefficient.

'The numerical values of coefficients and exponents are rounded-
off by us.

Let
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scosity, The molecular diffusion coefficient in [15] is determined by formula

hip of the

s the form D 7T

(5.83) where DO:- diffusion coefficient with P-760 mm Hg and T=273K. The

exponent

0,7<n<e 1A0
S.

In the presence of mechanized mixing or with noticeable change of

ambient temperature turbulent diffusion takes place. During heating

of tank walls'natural convection appears, characterized by velocity

components. The equation of turbulent diffusion in cylindrical

der actual coordinate system has the form

k obtained

+c a ,,,,,+d,..,,) D 62e + ara,0

where

D-D.+D,.

If the change of concentration along the depth is caused mainly

by the longitudinal motion of liquid, then

ion of

ndtl c . 0 "W e" =D ± e
at ax -x2 (5.85)

With mean value of velocity

fusion

x 6x2  (5.86)

are rounded-

It is possible to solve equation (5.86) by the following method.

Let us assume that concentration
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where

where T varies only with time, and X is a function only of x. Instead
of equation (5.86) we obtain

-&W O'-X--, (5.Oa8)

or

where

x 7" ,-(5-80)

Now the left side depends only on t, and the right - only on x,
consequently, both sides represent some constant quantity. By tratio
designating it through --a, we arrive at two equations, into Which

equation (5.89) is decomposed:

dT
r dt (5.90) where i

DA+ A+!- 2X= 0.  (5.91)
dx2 ax

The solution of equation (5.90) has the form
aie det

formult
T-A'exp(-:n21), (5.92)

4 * I I

where A' - integration constant.
* I T

Let us rewrite equation (5.91) so: aid of
-liquid

dx2 +2-kx - (5.93)4
21

SI I I
S219 I ,

* I

I 4

* I

, .! I

* 4 4



8T) where

D ' (5.9 4)
nstead

k=- - -  (595)'D

If h>k, then in this; case the solution takes the form

X= A, exp[(q-h) tI+ A2 exp -(q +A)t1, (5.96)

where A 1 and A2 -integration constants;

q= h. (5.97)

In; accordance with equalities (5.87), (5.91) and (5.96) conhcen-

tration
ch

'c=exp (-n)[A exp(q-h)'t+B exp (-q--h);J, (5.98)

90) where new constants

)AA'A" (5.99)9)

B=A'Al (5.100)

are determined by boundary conditions depending on a particular

formulation of the, problem.

92)

5.8. Overflowing of Liquid from the Tank into the Line

The connection of the tank with the line is carried out with the

aid of intake devices, which provide smooth, uniform overflowing of

liqui .. Intake devices should guarantee cavitation-free motion of

93)
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liquid, provide uniform lowering of the level of liquid in the tank

and prevent funnel formation. the i

this
Cavitation appears when static pressure turns out to be lower

than' -the saturated vapor pressure. The static pressure with overflow
of liquid from the tank in the line is decreased as a result of

inci'ease of the flow velocity and under the effect of friction forces.

For two sectiofi~i of a convergent channel of the intake device By usJ

the balance of pressures is written so (Fig. 5.6):

W22

-'"-9. -!"P2+ .U,+9, .d/. .(,5.101)
0

device
where p, and P2 - static pressure in the considered' sections; (J,+g,)J- -is ass

projection-of acceleration to the axis of intaketdevice;, Q.u' (I)(dI.. of flo

pressure, equivalent to mass forces. Ggconst
the pri

'Fig- 5.6. Diagram of overflow of
liquid from the tank into the line.

by usir
find CS

According to the equation of continuity

(5.102)(1U) ex,

Eq

Consequently, diamete

Q dI
) y-.- (5.103)

0 22
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the tank in order to provide constancy of pressure in all sections of

the intake device, in equation ('5.103) one should take PAp. In

this case we obtain

e lower

h overflow, "1-' L ' 7 '1 d1+

t 2 '. of(5.104)

ion forces.

,By using the equation of continuity, we find,
device

Woe. g,)I 2P''.2 ex 0 FMT (5.405)

(5.101)

Equation (5.105) allows constructing the profile of the intake

device, if the constant value of the derivative of flow rate in time

S; (j2+g)- isassigned. Inasmuch as when launching a rocket-the acceleration

I RW'Id1- of flow rate is changed, and the engine operates the longest at

GOconst, then this case is of the greatest interest when selecting

the profile of intake device.

Taking into account that the area of section

4 d2 (5.106)

by using equation (5.105) and assuming G = 0, for steady state we

find [97]

, -- -8 U,(+ j (5.107)
(5.102)

Equation (5.107) allows determining the current value of the

diameter of intake device, i.e., to profile it.

(5.103)
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thnexti stage, of the'stvdi-of' fu~rther motion of liq4id', is,
research of the c0onditions of fillingio the~ line with liquid anyd

interaction, b-etween elastic-liquid and the deformable line.

At1

separati

Thi
to the

On sect;4

therefCoi
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CHAPTER VI

THE MOTION, OF IIQUID THROUGH THE LINE

,6.l. Equation of Continuity "for
Elastic Liquid. Moving in a

Deformable Line

At arbitrary distance Z from the inlet to the line let us

separate an element with length Ox (Fig. 6.1).-

1 2
_I I Fig. 6.1. For derivation of

'i--'-" --- the equation of continuity for
elastic liquid, moving in a

,_-_-'__, deformable line.

The flow rate of liquid per second through section 1-1 according

to the equation of continuity will be

On section of path Ox there can occur change of density and velocity,

therefore the flow rate through section 2-2 will be

Y2=0 2=F.W-~-(- W)FOx. (6.2)
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a S

Let
Change of ,the quantity of liquid per second, which is located

between sections 1-1 and 2-2, appearing as a result of change of

the liquid density with time will be

F1x. (6.3)

Change of the quantity of liquid per second in the same volume The e

as a result of change in the, cross-se6tional area with time will be

.... (64x.)

If the cross-sectional area changes lengthwise, then the change

of flow rate will be
pressl

k,=Ax oQWOX. (6.5)

Change of the quantity of liquid per second as a result of

lengthening of the line will be where

£ T
(6.6) radial

The equation of the law of conservation of mass of liquid will
be written so:

where

k:-+YQ+g+ ,-F + Y =O'. (6.7)

By substituting the values of the found derivatives Y, we obtain

. a o+o_+w~ r or a Q _

+ .+ (QzW)i+ + W+ .- Ox) - 0. (6.8)

Inasmuch as all elements of the line Ox are drawn out equivalently,

t t (6.9)
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ocated Let us take -into- account that

e of
O -- (6.10)

(6.3) _ W. (6.11)
O~ x

volume The equation of continuity assumes the form

will be
T'0 X== ". (6.i2)

(6.1.

6.2. Law of Elastic Deformations

le change 4
The condition of proportionality between elementary changes of

pressure and density has the form

(6.5) d(ap= _. =C2,(.13
dext Q.(6-3

of
where C - the speed of sound; E - modulus of elasticity of liquid.

The law of elastic deformations for the pipeline in the case of
(6.6) radial deformation

id will P=gES, (6.14)

wheree - relative elongation, moreover

(6.7)
r-ro- (6.15)

ro
tain

(6.8) r0 - initial value of radius of the line;

ently, E - modulus of elasticity of material;

(6.9)
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I!

S 'the area being elongated, moreover For det

(6. 16)

6 - wail thickness of line. For detE

of equal
Thus,

0= 2 8 r -,o x. (6.17)
ro

By equal

The force,, elongating the, wall,

p = p-P P . (6.18)

Static force 
By

we obtA'

P1=2roPOX,  (6.19)

where p - f(x) - static pressure in the region of the considered

-sections. Taking

The dynamuic force, caused by accelerated motion of the wall of

the line,

instead
P,,-2 robX0/CI, (6.20)

where 2rQurxk, - mass of wall; 0. - density of wall material; WCT -

the rate of radial displacement of the wall. The rate of radial

displacement of liquid W (r) is a, function of the radius. On the axis Accordir
of a tube W r(0) = 0, and near the wall W r(r) = WCT.

Dynamic force, caused by the acceleration of liquid,
moreovel

I ((6.21)
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For determination of force, elongating the wall,,let uswrite

(6.16)P--rop~x. (622)

YFor determination of coefficient C, having equated the right, sides

-of equations (6.18) and (6;22), we obtaifi

ri (6-.23)
,(6.17)p O

'By equating the right sides of equations '(6.17) And (6.22), we find

kP=& 'r-ro (6.24)

(6;.18)' 1

By taking the average value for C arid having taken its derivative,

we obtain

z E (6.25)

Idered

Taking into account that

wall of Fzr 2 1r,(6.26)

instead of expression (6.25) we find
.(6.20)

2.trs a (6.27)
1; CT

adial

On the axis According to the law of elastic deformations with elongation of line

P=9801 (6.28)

more over

(6.21) S, = 2xr08; (6.29)

0X-X =18(6.30)
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The tensile stress depends on the conditions of elongation deformation. reflects

If the reduced pressure is designated: thr6ugh p,, then presence

P(6.31)

In this case is cause4
the duct

- 0 .(6.32)
ro Xo Elol

ap,161. A,4
Having taken the derivative, we find oi l

possible,
xa x= .-.- (633) replacemO

.Y 'O (6.33) written 0

According to formula (6.13) we find

* P
Q T ,, (6.34) where

According to equations (6.11), (6.26) and (6.27) we have

S2ro Z p Of W4- - (6.35) and
P E - Ox "2

By considering relationships (6.33), (6.34) and (6.35), instead of

equation (6.12) we will have

Quantity

E, OX 'r _p OO_ rBP IEa .2LrOr (6.36) E/Q is eq

Thus, j
The third. term in equation (6.36), i.e., Cnp. The

the effec
2ro O P
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O W

(6,.31), x

is caused~ by the presence of change of the cross-secti6nal area of

the duc-t lengthwise..

(6.32)
Elongation deformation is characterized by partial derivative

pd. At velocities W C instead of total derivative, it is

possibleto be guided by thepartial derivative, i.e., to use

replacement of p 'by Op/ct h In this case equation (6-36) will be

-(6d33) written so:

ap+k2,~~ -W - (6 .37)
5T P47 ~xr 2E&~

(6.34) where

T.- + -ir(6. 38)1

(6.35) and

ead of -(6.39

I II

Quantity 2-F. is the square, of 'the speed 9f sound in~liquid; ' ratio

(6.36)
EN is equal*tothe square of the speed of sound in the-pipe material.

Thus, ~ characterizes te value of' the reduced speed of sound

C e The coefficient of equivalence, which allows tak1ng into acc6unt

a !

the effiect of walls of the line, Will be, ,,

K.-e (6. 40)'
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4.X
S!" I : . " I

O 6 .
I I I ,

3 I I , I

I I 3"
.3 ,. w w have, , , _ -" , ,, , where

,.ow *; I *-- ! ., '(6.I1). -

or Havin
(6.43

+I '

By using the equation off continuitY, we ri nd

I ,; I *

60 a OOP r. O p, ia

Ox I _8 (6.42)

In engineering clalculations 'it is possible to accept pZ p;' in thi By ~ex

3 Iit

case instead of equation (6.42) we receive: 46'

* equati

3 1 I

Ae I [ IG +" -I

bui 
khere

I II "

'For ed'o ation .,'2 weurecene u u t e.nf i

6.3.WaveEqution1Teuath

and .equation (6.37), which are written so:

I I .

OW I
U I

p ~(~.43)Th e au

engine

3231

,1 I , h r

' 231 I . -

I ,,, , * __I

1. I
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where there is designate-'

'Having, taken partial derivatives with respect.to x from equation

(6.43)- and with' respect to' t fom equation (.1),we obtain

OX-7j.+.)+- "P-V '.Wo=of(6.416)

&r+_" (6.147)
(6.412% i'x a j

in this By excluding i)PW/Otdx from expression (6.147). with the aid of equation
(6.116), after transformations we arrive at heterogeneous wave

equation for sound pressure:

X2 &2 x2

where

CO W w/I OF\ r0 '2;pI (6.419)
ax OX3Ot\r )a;'2

The change of external volumetric force along, the length of the duct

is so small, that it is possible to accept
f' motion

(i.+g)=O.(6.50)

(6.413) The augend of-the right side 'of equation (6.419) during solution of

engineering pr'6bleins will be written so:

(6.101 V~ 03W =-- AP6.1
OX3  ax g~
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or mass

moreoi

W2

Ox3 Ox d

Here- Ap - hydraulic losses; ),r - friction- coefficient. The third
term of equatioh (6.49) characterizes the change of flow velocity

With, time

Here c

.(w'=, - - --W - (6.52) angle,

as the
equati

The addend' f the right side of equation- 
(6.52) corresponds to the

change of velocity with. consideration bf' change of the cross-sectional

area along the length-of the channel. The augend considers the change

of-closs-sectional area lengthwise and with time. For estimation of

the fourth component of ,equation (6.49) let us 
examine such a case

(Fig. 6.2).

Thus,:
X Fig. 6.2. Diagram of the

action of liquid flow on a
____ -7 bianching of the line.

If fron
Let us assume the elongation of the pipe occurs under the action t and ,

of ballistic force P, caused by the action of the liquid flow and wave eq

applied to ,conical branching a, moreover

, (6.53)P + . { g.') +] c ,o F

Moreove

where c, and c ' -coefficients, which characterize the interaction of

liquid flow with brp~aahing; F, - area of pilojeculon normal to axis x

of branching sections, being under the action of force P; m - the
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mass of liquid in the line with cross-sectional area .F at length ',

moreover

m-FI.; (6.54)

third (1.+g), - projection of external force to axis x, equal to

locity

(J,+eg.)'=i cos0 A-79 cos a- (6.55)

-Here a - the angle, depending on the attitude of a rocket; 0'- the

(6.52) angle, depending on the position of the line -in the rocket. Inasmuch

as the flight speed of the rocket V varies with time, instead of

tequation (6.55) it is better to write
to the

-sectional (jx-+gl)--'cos-gcosa. ( 6.56 )

the change

ation of Pressure
a case

Pa Fa 2 (6.57)

Thus, for a case when g = const, we find
he
)na al, =-- -Q 1 OS + C .lW2+ 2 (6.5 )

d K-IQ at )c ) 72I 1

If from equations (6-43) and- (6.44) we take partial- derivatives for
he action t and x respectively, then after transformations we arrive at the
w and wave equation for speed:

I 01W I az2 UW=O, (6.59)
(6.53)

Moreover

action of I[ a.o

to axis x +2 [ & .).-2

the +Ir (ZL [ 2_ oap I
UA eX 5i" .r 4A& to., (6.60)
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.1 W 2!L (6.6 ) , Wave

Thus, the nrionhomogeneity- of equations, is determined by term U or

Let us note that in the wave ejuation ftr velocity there is a term,

considerlhg the change of external volumetric force with time, i ,e.,

--- (h, g,).
in the

There appeared a component, considering the change 
of hydraulic appear

losses with time: an dl

and wh
0 2W t0 'Ap

--- Q . (6.62)
T

During the study of wave processes it proves to be convenient to be assump

guided by the velocity potential *, 'moreover us exa

i.---grad. .(6.63)
ary f

Consequently, in one-dimensiohal formulation,

V (6.64) and ve

The equation of motion has the form

a O8, I Op XO0* (W+ gx) -- (6.65-)

The fl

If we do not consider external volumetric forces and forces of viscous

friction, then after integration of equation (6.65) we find

-L=--at-(6.66) T
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(6.61) Wave equation-for velocity potential ,has the form

U or LI=-+.(6.67)
U'or VW;

6.4. Nonstationary Motion of Liquid' in The Line
ne, i.e.,

The solution of equations, which describe the motion of liquid

in the line, is connected With considerable difficulties. They.
lie appear when determining boundary conditions, during compilation of

an algorithm in the course of utilization of the net-point method

and when performing calculations on digital computers.

(6.62)
Therefore, during formulation of the problem we try, by using

t to be ,assumptions, to simplify both equations and boundary conditions. Let

us examine the problem at various assumptions.

(6.63) the simplest case there Is assumed one-dimensionalnonstation-

ary flow of incompressible liquid in a cylindrical tube. In this case

QM=const (6.68)

(6.64) .and velocity components

W,=O; (6.69)

WT =o. (6.70)

(6.65)

The flow will be one-dimensional if external volumetric force,

of viscous

(6.66) The equation of continuity under such conditions gives

.. - .(6.72)
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Consequently, the- velocity, directed along the axes of the tube, does

not -depend on x; thus, axisyr

will b

W=W(r, 41 (6.73)

and, as a consequence,

For aTX1 W~~t)=O.(6.74),I,):r.~o'

The equation -of motion, written relative to axis x for an I

axisymmetrical problem, takes the- form of mot

at QA aX

+V[ "' • + ' -W,(r,t). (6.75)'ar2  r I

For -simplification of the solution we sometimes consider a plane

problem, in this case from equation (6.75) the last term drops out,
.i.e..,

r

From equation (6.75) it follows that

,--) p=*Cost; (6.76)
With cc

one sh,
since in it all the terms do not dkoend on x. If when t = 0 the flow

from t
velocity is equal to zero, then the initial condition has the form

from e(

p lanep
W (r, 0)-=0. (6.77)

With two variables and four boundaries eight boundary conditions

should be assigned. Equation (6.75) is solved analytically.
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oe-, does More complex is the condition at which , is nonzero. For an
axisymmetrical problem we take (,+g;)-O The equation of continuity

will be written so: •

(6 .73)
W(,,oa W,(x,,J) ±W,(x,r,)= o,(.

For a plane problem from the left side of equation (6.78)-one should
-remove the last term.

Inasmuch as derivatives' and are nonzero, equations
of motion will be Written so [471:,

-r'w (x,r,t)+ -- W i(x,r,t) W. (x, rd) +--- W/ (x,rS)W/.(x,rSt)=
ax Or

(6a75) =Ux+g r t 6

-!- ° r- Wx,r,i)-! - VW .(x;r,t)] ( 6.7 9)

.ane
'S out,

a ax

~r (*r,) W' (xr) =(j, p +

022

-W, -r" r '(x'r't) -- ' W ,' (x ' r ' / )] • (6.80)
r r r 2

-

(6.76)
With consideration of the axisymmetrical problem in equation (6.80)
one should accept (],+g,)=O. During examination of plane problemthe flow
from the right side of equation (6.79) the last term is excluded, andform
from equation (6.80) the last two terms are excluded. Now, i.e., for

(677) plane problem, the system of equations will be written so:

ons L Wx, r,II(j -t-*,) - p (x,r,)-+QA, Ox

-[ 0x2 WX~ r 2)--.W~,rt) ;(6.81)
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A

II
W/,x~r)==j,+,)....~ .~-px~ri)±first I

+ r ( -r ( In orde

L x2  r2t )]: (6.82) from, t

at thii
(6.83) possib "

£ (x~r~t) +-- W,(x~r~t)=O.(.8)

W

Let us note, that here V, =0. assign

The given systems of equations are used for solution of various At

problems of applied, character. After formulation of the problem for or time
calculation 4, research one should estimate the, value of separate
terms, and those which have a nonessential effect on the result of

the solution should be dropped. First one ,should evaluate the role
of nonlinear convective terms of type , ,) and those The dia
like them. Sometimes it is possible to drop the second derivities to the

of velocity with respect to x. ,All this simplifies working with of a r
equations.

Plane problems are solved easier than axisymmetrical, but for

round lines the solution of plane problem differs from the solution

9f axisymmetrical.

Ho
Equations contain the first time derivatives from two variables, device,

consequently, it is necessary to prescribe two initial conditions,. compone
If at the initial moment of time the liquid is motionless, then the
initial conditions will be written so: if

nient a
W.(x, r, 0)=0; (6.84) at the

it can
W,(x, r, 0)=0. (6.85)

,With the onset of the process of acceleration of liquid, in
the case of rapid valve opening at the line outlet or penetration of having
the diaphragm, installed there, a pressure wave appears, running at
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first in the direction opposite-the direction of motion of liquid.

In order-to exclude this process from- examinati6n,. calculation begins
6.,82) from the moment of-time, Somewhat different from zero. In most cases

-at this moment of time velocities W, and F, are so. low that it is

possible to leave them in view of Condition (6-.84) and: (6.85).
(6.83)

With three variables and four boundaries it is necessary to

assign twelve,.boundary conditions-.

arious At the boundary of "inlet" (0, r, t) there is assigned constant

m 'for or time variable pressure

ate

t of p(0,,r,)'po(t). -(6.86)

,role

ose The diagram 6f inlet velocities, if we consider any section, parallel

ties to the axis and passing through the axis , is represented in the form

of a rectangle. Consequently,

W,(o,r,t)=O; (6.87)

for

ution W,(O, r,t)=0. (6.88)

However, having examined the flow, of liquid in the intake
iables, device, it is possible to modify the laws of change of velocity

ons. components at the line inlet.

n the,

If when using the net-point method condition (6.87) is inconve-

nient and incompatible with the boundary condition at boundary "wall,"
(6.84) at the point of connection of boundaries "inlet" and "wall," then

it -can be replaced by the following boundary condition:
(6.85)

W(O,r,t)=W,(O,0,t)(1 -- (R-)), (6.89)
in

ion-of having taken a rather high value of a.
ng at
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The dynamic boundary condition at the "wall" will be written At

inthe following manner. Tangential stress y, effective 'in liquid

at the boundary of liquid with the wall (x, R, t) is equal, but

opposite in sign, to tangentiaI stress Tor, effective on the wall,
1~. 73]

I(6.90)

Tangential stress, affecting the liquid',

" ' = [t o Wx~at + -- , (x~a)] , (6 .917symmet ri

instead

tangential stress on the wall to have
(6.81),

W, (6.92) The

motion a
where X - friction coefficient; mean velocity difficul

leads to+R

w.-"_L W,(xrt)dr. (6.9 3)' evaluate
/ -R

If
Thus,

inasmuch
i "h instead

S2. .(x,r,)dr. (6.911) (x e )a

By virtue of the action of fricti6n forces there occurs "sticking"

of liquid to the wall, which allows writing these boundary conditions:

W,(x,,th=-O. (6.96)

Fur

In order to take into account the effect of wall roughness, wc assign, consider

viscosity, changing along axes x and r [911].
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ittent At 'the boundary "axis" (x,0, j) with the presence of' symmetry
liquid

but 
(6.97)1wall,

(6.'98')C6,.90) 
Z

a ~(6.9,9),

If the projection of accelerations (I-4is nonzero, then'the,
(69)symtiity of flow relative to the ais, 'is disturbed. Therefore,

instead, of two equations of *motion, (6.7) and ,(6.8o). it is necessaryto- have three equations or to solve;a 'plane problem, using equations
(6.81), (68)arid (6.A3).

(6.92)
The solution of the system, consisting of three equations of -

motion and equation of donfiinuity, is connected wiih considerable.difficulties, and the solution to--the probl~em in the plane variant
leads to solutions, the errors of.which r o'laspsil~o

(6.93) eval~uate.harnoawysosiltO

If the projection of accelerations '(ir+g,) is .nonzero, then,
inasmuch as the symnmetricity of floW eldtive to the, axis' is disturbed,
instead of the "axis" boundary one should select the "wal,1l" boundary(6.-94) (X,-.,) In this instance the boundary condition's wifi be written,so:

cking" 
(6.100)

~nditlons:
.,X- /,t9=0; (6.101)

(6.95)

(6.96)
Further complication of the problem is associated with the

ie assign consideration of compLressibility of liquid. In this case the equatiLon
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.- I I

of continuity willi be. written, in- this form:, flows, J

' ' des crib
4 -x r,t+ W,lxrt)+ - of solu;

.1 1 ,1 correct*l
I The initial condition can Pe predribed In the form of of c soulr.

. ' .. ,inasmuc 5

" eX, r, 0)= -Q ( 1014) ad i

I : " I

, , include.
-where eq- initial value of liquid density.,: ,whhc

I conditS The greatest difficulties appe when 'detefrminingtcorditions

at the. "outlet" boundary (1,,r, 0.-- -They depend on the specifc, characterdi

of! liquid, motlion during passage from 'the line to '-he pump inlet, 1'to

I ft

the injector assembly of the combustion chmber,or.to thecollector Ge
of the cooling ,Jakett ihih aI

of one
The dynamic boundary condition with the presence of a free

',With th
surface is expressed by the 'equality of normal -stress in liquid on

• *. the boundary with, free suArface, to ambient pressure po 'on the ' Ki

* <'' -~ -free surfice itself, :i.e.. [73) .,fa" ' : ', 'of part,

* p.=-- ,,, * (6.105) -In,

' points
where p, -,normal stress in liquid on the boundary wth f1iee surface,
nrovrsame na
imxreove) : ' 'all sim

,,'o an u

"F V x~,?¢)- ,W, 4% (n=x,r,,f). • "lo6

a(6106) 'equatic

6. S o oall par

6.5. Simulation of Hydraulic Flows values

scale.
Physical phenomena are similar, I4 they differ only in scales of

quantities and functions, which determine their qualitat'ive character-

istics. In order to formuiate the conditions of similarity of liquid sIml I-

' ' ' , 243
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flows, it is necessary to have an equation (or system of equations),

describing motion, and to know the boundary. conditions. The accuracy

6.03) of solution of the problem, about similarity will depend on how/
correctly the equation reflects the physical process,,and on the degree

of correspondence of boundary conditions to ,the actual situation. One

should be guided-by differential equations in partial derivatives,

inasmuchas they characterize the change of parameters both with time

.1010 and with respect ,to coordinates. The differential equation of motion

includes- .velocity- -components- and- their: -derivatives anfd; isb tefiM

which characterize various forces, affecting the flow. Boundary

conditions :eflect the time and geometric characteristics of the

ens duct. Thus., conditions of similarity are determined by time, geometric,

haracter kinematic and dynamic factors.

t, to

lector Geometrically similar flows are flows, all linear dimensions of

which are proportional to each other, i.e.., all the linear dimensions,

of one flow are changed an identical number of times in comparison

with the corresponding linear dimensions of another flow [73).
on

Kinematically similar flows are flows, in which the -velocities

of particles at all similar points are proportional to each other.

6.105) In dynamically similar flows the particles of liquid at similar

points are affected by forces of the same type, i.e.', forces of the
urface, same nature (volumetric, surface), moreover the relationships between

all similar forces, affecting similar points of these flows, pertaining

to an unit of volume of liquid, are equal.

If the noted conditions aresatisfied, then the solutions of
6.106) equations will be similar, i.e., the character of time variation of

all parameters of flow at similar points will be identical, and the

values of the appropriate parameters and time will differ-only in

scale.

ales of

aracter- For realization of strict simulation it is necessary to provide

liquid similarity of equations, which describe the process being simulated,
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and ,the similarity of -boundary conditions, 1.6., ihitial and bouhdary expres

conditions'. the fo

if thi

However, with solution of engineering problems it frequently probli19

proves to be sufficient to provide partial similarity, in this case

there is allowed the nonfulfillment of a number of conditions,, TI

determined by theory. Sometimes we are limited to the similarity of enclosi

processes, .being characterized' by the change of averaged values of coeffii

parameters with time. as to

and thi

On an example let us consider the method of obtaining criteria of the

and conditions of similarity. dimens'

coeffi(

Let us assume that for the investigated flow in real piping with .A__,

a sufficient degree of accuracy it is possible to accept that the

motion of liquid conforms to the following equation:

,)W. -- aW p, &W
7j. - al, i' ' '0W = QV (6.107)S* (.0)Hence I

Between the parameters of real and model flow there shou]d be

constant relationships, determined by coefficients 01, moreover

/ By subs
'R =IC; Q, , W .=CWw . . 1 (6.108) s s

(j+g).=cj(j+g).: P=-Cpp. , etc. system

By sutstituting in natural equation (6.107) ,the values of parameters
from equation (6.108), we obtain an equation for model flow:

[_Q;1" " J "t'ic J M "Wj =[c c lJQ / +1g).

S l 
The con

[C1 identic

The conditions of similarity of nature and models can be expressed

by different means. Frequently the conditions of similarity are

I
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boundary expressed in ,the form of criteria of similarity, and-sometimes in

the form of relationships o2' separate- parameters or -their combinations,

if this jproves to be convenient during the solution of a particular

ently problem.

is. case

The equations of nature and model will be similar, if the factors,

arity of enclosed in brackets [ J, are equal. It is possible to equate all

ues of coefficient to each other or divide by some constant coefficient so

as to obtain new coefficients in dimensionless form after division,

and thee to equate them together. If as the divider we select one

riteria of the coefficients of equation (6.109), thej we receive a number of

dimensionless coefficients, equal ,to one. Let us subdivide all the

coefficients of equation (6.109) by a second coefficient, i.e., by

ping with . -ew we obtain

Lthe
CJC, cj , (6.110)

(6.107-) Hence follows:

e CO¢ Cle

Q--1; - c; 1--- 1 - (6.111)
ver el CCI CP C.

By substituting in these equations the values of parameters from
(6.108) system (6.108), we find the conditions of similarity:

rameters T-1. W.. ,W'., ___

in I* ' (J+'9). 1. (J+g)U4 . ;

P--H- P (6.112)
QNW.2 QaiWU , V, O%a " YU

The conditions- of similarity (6.112) are criteria, which should be
(6.109) identical (idem) for nature and the model. The homochromicity number

e expressed H= W' =Idem; (6.113)

are
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Proude numberi the
rocki

(6.,114)

and usually it is written so [73):, F=:f. Ha2

Eule
Euler number

E= P (6.115.)
*VW2

numberWith

R WYtno~simltino processes in liquid -propelleant rocket engineCod

units [ZRj(H(PA)th criteria of'similarity are conveninetly B
expressed through flow rate

6G=FWQ. (6.117)

In this case vie obtain Thus

lFQ

(J.± g)F2Me2  (6.118) I
E 12 = Ide1; ob ta

G2

(6.1

During solution of problems of.-practical character it is necessary to

select combinations of criteria (6.118), which corresponi1 to specific
requirements of operation. Let us assume that it is necezsary to

impose requirements on the pipeline, which connects the tank with
th e engine on the firing stand. Tests should be conducted in natural
conditions, i,.e., time of operation, flow rate of propellant and

211i7



the' -propellant components on the stand should. be the same as on the
rocket. Consequently,

6.14)i~t~;~ ~@; (6.119)

Having multiplied the homochrodnicity number (criterion) by the
-Euler number (criterion), .we obtain

H.E-~--iem.(6.120)
6.115)

With consideration of system (6.119) we can obtain two more such
conditions:

_.4
-engine(6.122)

By multiplying ;the Euler number by the Roude number, we find

(6.117)~~(+: gEJ= fei.(613

Thus, it ig necessary to satisfy cofidition

(i~g)c-(I~~r4.(6.124)

(6.18) If (j+g)c=(j+g)*P, then Ic.Q; and according to equation- (6.122)- we
obtain

i Fis not equal to Fp hni spossible to satisfy condition

(.2)-only when J+g-O.

ssary to
specific

Y to
tith

natural

and
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6.6. The Peculiarities of ntrachamber:Processes on
During Bench Tests and in Flijht Conditions for

During 'operation of an engine on a& rocket., In flight, intraichamber

processes, sometimes do not occur, as during tests on a firing stand.

This is explained by a number of-differencei-of -conditions of bench'
testing and in flight. wit]

aloi

In most cases the layout of the feed system of 1th' stand and sin

its working conditions differ from those accepted in the rocket. The

stand is designed for repeated conducting of tests, therefore thick-

walled lines are used, the length, diameter and configuration of which

are different than the rocket. The

Under the action of geometrical factors in a transient process

the component ratio can rather deeply deviate from nominal. On the

stand are used reusable valves, additional filters, measuring Cons

instruments, etc., are installed. All this reflects the feed

conditions of propellant components into the combustion chamber.

The rigidity of mounting the engine on the stand and in the

rocket is different, therefore, vibrations appearing during operation wher

of the engine differently reflect the character of occurrence of 
of p

intrachamber processes.

In flight under the effect of external mass forces the rate of

increase of pressure in the chamber and the acceleration of motion the

of liquid burning particles of propellant are different than on the

stand.

Let us examine the effect of replacement of volumetric force

Pv =(+g) (6.125) Here

exter
by equivalent surface force

PF= P6 (6.126)
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on wave processes in a straight tube. The wave equation has the

form

intrachainber,

,fig, stand.'-VIL (6.127')

of bench
With the action of surface force the density of liquid. does not change
along the length of the tube and'is equal to ei . The force,, compres*-

Snd and sing the liquid, with the presence or external volumetric force

)cket. The
)re thick- Pv,=FQi(J+g)X. (6.128)
Lon of which

.I

the increase of pressure

process ipv=Q.(J~g)x. (6.129)

*On the

rig Consequently, the liquid density

mber. Q~x=Q1-LIgX 610

In the
opeatonwhere R modulus of elasticity -of li'luid. In case of'the action

rice ofof pressure forces-with sinusoidal disjturbance of density in the form

e raLte. of
f motion the initial conditions will be written so:

an on the

1-A.*0 (6.131)
c force ~Q.(X,0)QwO i)

(6.125) Here wa - frequency; A coefficient of equation (6.127). With

external mass forces

-(6.126)
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li i 642ecti

U -g+ 6 press

Inasmuch as initial conditions (6.131') differ, front conditions (6.132),
then thelsolution of wave equation, written, for example, in the

form of equation By ex]

Qxt=A coi Cos (j+js) f 6.133)

with the presence of pressure forces will differ from the solution, 'Consi(
in which external mass forces are considered. the lo

6.7 -Balance of Pressures for the' Tank-Combustion
Chamber Hydraul'c Circuit

The motion of liquid is examined in some section of the line, Accorc

inside w hich for parameters their mean values are taken. As the

basic. let us take the -one-dimensional equation of motion in the form

WI-(+g)+~L Op .%VV2tW/=O. (6.134)
inasmu
does n

In engineering formulation in accordance with accepted assumptions

we will have [671

Wa-jg8-'-8-VWXO (6,135)ex Thus,

For the entire' hydraulic circuit with length

dx (6.136)
The ad(

pressui
.instead of expression (6.1,35) we receive flow r;

QMj /dX-QK J (j+g)dx+* dpQ.V'j v2Wdx=o. (6.137)
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Equation (6.137) represents the balance of pressures on a

(6.132) section from the tank to the chamber. The addend expresses the

pressurei equivalent to mass forces.

(6.132), PW-Q- Wdx. (6.138)

the

By expanding the expression of substantial derivative, we obtain

(6-133)' A- (6t. '4 x.139)

ution, Considering the increases of velocity in the cross, section and along

the length of the duct independent from one another, we obtain

,1 W,

PwQ 7 W. (6.14o)
0 W,

line, According to the equation of continuity it .is possible to write that
the

he form , i
.- P= x , (6.141)

(6.134) inasmuch as the flow rate of incompressible liquid in a rigid line

does not depend on the length and, consequently,,.
"issumptions

..... (6.142)
Ot dt

(6.3.35) Thus,

w2 -w2
P-' +  2 (6.143)

(6.136)2

The addend of the right side of equation (6.143) Characterizes

pressure, equivalent to mass forces, appearing with change of the

flow rate with time, i.e.,

(6.137) PO='67F( (6.1414)
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the augend represents the change of pressure,. which appears due to .

change of the kinetic energy of flow under the effect of geometric

-factors:

wlQX-vj21- (6.1145)
2"

Thus,I

With the aid of the equation of continuity equation (6.1145) can be

written-so:,

PL~(6.1146) Ti-
having

form
Pressure, equivalent to extexinal mass forces,

So (J+g)dx. .(6.147)

where d,
Inasmuch as (J+g) does not depend on x, then element

p1=Q.1U1jg), (6.148)

where (i +g)'V+ g.; (6.149)

-projection of acceleration 1' uo axis x; g. projection of. force

acceleration of gravity to the sa~ie axis., Thus,

pJ=QH(VX~X~i.(6.150)

In as m uc
The following integral (6.137) is the difference of external pressures.
With the presence of tank pressurization p. and with excess pressure

P'created by a pump,

P, then5dp=- dp .ps5 p, -p (6.151)
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to where - pressure in the chamber. The last integral -(6.137)
ic characterizes hydraulic losses:

V2WdX.

Ap= -QV (6.152)

'i45~)

Thus, the 'balance of pressures (6.137) can be written so:

,b e
p+pR--p--p-L-AP. (6.,15 3)

The equation of balance of pressures can be derived different,
having tak6n as the, basis the law of conservation of energy in the

form

1)dL.,--E, dLz=0, (6.154)
14 T)

where dLa - elementary work, being performed over the liquid; dLci -
elementary work of resistance forces.

.148) Elementary work

149) dLi=Pidx; (6155)

f. ,force

pi=pIF. (6.156)

.150)

Inasmuch as
~.ssures.
ssure dx

dl :(6.157)

then

dL =piFWdt. (6. 156)
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where p-.- the appropriate pressure. For incompressible liquid For

Pw ---- em, (6. 159 )-

i.e., it is constant along the length of the duct. By substituting Con,

expression (6.158) in equation (6.154) and bearing in mind equality

(6.159):, after division of both sides of the equality by

Let

we receive of

XA2p p=O. (6.160)

Haqing determined the active specific forces (pressures p ) and the

specific forces of resistance (pci), we arrive at balance (6.153).

6.8. Determination of Separate Components of sect
Pressure Balance

Let us examine pressure P,, equivalent to mass forces, appearing

with change of the flow rate with time [67].

For a complex duct, in which elements with characteristic cross-

sectional areas are series-connected,

V\dx
L --' '(6.161)

P 0

by d

or

pa=bd. (6.162)
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id For each element of the duct it is possible to calculate

a1= dx (6,16-3)

0

ituting Consequently, for the whole duct

quality

b---- ,. (6.164) J

Let us determine the coefficient of internal mass forces for a number

of particular cases.

(6.,160) 1. Channel of constant section -

and the b=-L. (6.165)
.153).

2. Duct, consisting of n series-connected segments of constant

section, -

appearing b= (.- (6.166)

3. The segment 'of the line with radius r and length Z -
*ic cross-, (

(6.161)67' 3wF2

(6.161) 4. Duct, consisting of n series-connected lines, characterized

by dimensions Ij and rj, -

-2 .(6.168)

(6.''162)
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5. Conical duct with inlet radius rl and exit radius r- where

consequently,

-- (6.169),

prelim

6. Duct of a cylindrical chamber which

of roc
'-- --  (6.170) condit

are ty

where.A -width of flow duct. partic
or aft,
of the

7. The cooling duct of a conical chamber or conical nozzle -

pressu

rr 2 1 lines

b= dr r (6.171) rates
• 2arA tg a; 2nA I a

~rt combus
i flow r

8. Duct, consisting of n identical parallel-connected channels; combur

inasmuch as the resistances of all channels are equal, flow rate of the
through each channel igniti

on the
Gj _

= (6.172) the cor

Consequently,
main v,

(6. 173) Fc

the hyd

Inasmuch as the pressure losses for a channel are equal to pressure

losses for the entire group of channels, then

(1 2 2 (. l where p
I (1+,1 ~+ b6=(I +, ) 2-+b , (6.174)lie

2xP2 5line,
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where e - resistance coefficient. Consequently,

b= ' "- (6.175)

6.9. Filling of Hydraulic -Lines

(6.169)
During preparation of an engine for starting a number of

preliminary operations are performed, the content and sequence of
which depend on. the engine layout,, the tactical and technical problem
of rocket launch, the peculiarities of propellant, the working

(6.170) conditions of the engine and other factors., Some operations, however,
'are typical for many liquid-Propellant rocket engines. They,, in
particular, include filling of lines with propellant components during
or after the Opening of the main valve [67]. The features of filling
of the line depend on the mode'of valve opening, the increase ofle -
pressure before the valve, characteristics of propellant component,
lines and.elements of the line. Depending on the change of flow

(6.171) rates of liquids with time the conditions of their arrival into the
combustion chamber are determined. They are evaluated by values of
flow rates and component ratio& at the moment of their entry into the

6annels; combustion chamber, at the moment of ignition and during the progress
ate of the engine to steady state. It is understandable that after the

ignition of propellant the motion of components will depend not only
on the parameters of the feed system, but also on the parameters of

(6.172) the combustion chamber.

Let us examine the motion of one of the components from the
main valve or blowout diaphragm to the injector edge.

(6.173) For any moment of time the equation of balance of pressures of

the hydraulic line can be written so:

essure
p-Ap-po-p.-O, (6.176)

(6.174) where p - pressure before the valve; Ap - hydraulic losses in theline, being filled with liquid; PG - pressure, equivalent to mass
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forces; ,Pn -pressure in -the hydraulic circuit before the liquid

flow front. At mome

Filling of the line with high-boiling component

For determination of hydraulic losses Ap, which. appear during
:motion of' liquid through the flow duct of an arbitrary section, let For det

us use known relationship

Ap=aG2 . (6.177)

With filling of the duct wlth liquid to each moment of 
time t length

there corresponds the current Value of I of the section of the duct,

already filled with liquid. Therefore, let us represent the coeffi i

cient -of hydraulic losses by product

a-a1, (6.178) 1
On]

where a* - the value of the hydraulic loss coefficient for a unit

of length of the flow duct.

For determination of this coefficientwe have

2a d,- ' (6.179) consequ

where X - friction coefficient; F - cross-sectional area of the

duct; d - equivalent diameter: By

the intd,-.=4 --

nl - duct perimeter.

Let us examine the motion of liquid through a round tube. and fin

Here F=-d; =I2ld, consequently, d,d.
4

Th
By substituting values of F and d in equation (6.179), we fintd nozzle

a
8

' 2 , (6.180)
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liquid

At moment of time 6t the liquid will fill a line, at length

4 dI. d, (6 .181 )

during

ion, let For determination of hydraulic losses, now we have

Ap=--S G2,Gdt (6.182)
(6.177) 

x

In a more complex duct the -crss-sectional area is changed'time nto tet
lengthwise and the volume, filled with liquid at moment of time t,

the duct, will be
ie coeffi-

v= L Gdt.
(6.178) o

a u 
On the other hand,

v= F()dl,
0

consequent ly,

(6.179)

Ox I~d=- Gdl. (6.183)
of the 0 o

By knowing the geometry of the flow duct, one shbuld determine

the integral of volume

!F()dt

be. and find the evident relationship of F to Z.

Thus, for instance, for the conical part of tha flow duct of a
, we find nozzle the current value of the nozzle radius

r =1 sin --(6.180) s
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Where . - length of the flow duct; a -- the total nozzle cone angle. Inasmu

The current value of crbss-sectional .area of the- duct

F.(1) _2srA,

where. A - width of annular flow duct '(cooling clearance)., or

F ()= Alsinn (6.i84)

'On a 'certain section of the duct from Z to 1": or

5 £

, F(Qpd1=2 -E - f ljW. (6.185)

If the width ,of the flow duct is constant, then- where

F(l)dl=xAsn. -- (sin -). (6.186)

By substituting the value of integral of volume in equation

(6.183), after transformation we find

I=O~d + PO d¢F. (6.187)

The equivalent diameter for annular duct

d,-=" (6.193'

consequently,

.= (_____ _1 ). 6.188) where

i(sin 6 )2
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one angle. Inasmuch; as here a*= f(l), then

AP=02 4dl. (6.189)

By substituting the value -of ail, we find

o rG 
2 d

(6. BLI)AP= G~(61,90)

or

where I - is determined by ~formnula (6.181).

(6.186)Pressure, being used for overcoming mass forces,

For a line of constant diameter

(6.187)
P= j 00. dO. (6.193)

By substituting values of Ap and pa from equations (6.182) arnd

(6.193) in expression (6.176), we obtain

+2 .L z+ 16 (6.194e)
13 Qxd 1KzA

(6.188) where Z==5SGdt. (6.195)
0
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Let us examine the, graphical-analytica 1 method of solution of Consequeni

equation (6.1914). If we accept

(P - Pi(6.196)

Taking in

(6.197)written s

then equation (6.194I) will be. written so:
After sepj

,?-oa~=aZ+Z2 (6.198) integral

0'

~ =a~zZ~.(6.199) By solvii

t for se

To each moment of time corresponds a fully determined value of z areaij

and its derivatives. Consequently, equation (6.199) is expanded into tive vall,

*two equatioris: also, for
every va

z '(6.200) value of I
of Z, obt'

a2(6.261) plotted o

equation

The region of change of A can be determined according to equation b, for-

(6.200), which is written so: t a t bj t
using cur

A- *z(.22 A, we fin
A= 0, (6202)flow rate

To the least value of t corresponds A -4 A max The least value C

of A = A min is determ~ined 'according to the condition of filling of ~4

the-whole hydraulic duct with liquid, the volume of which 4

V O.(6.-203)/
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on of Consequently,

exI~~!~K (6.2014)

(6.196)V
Taking Into account that - G, Z - f Gdt, equation (6.201) is

(6.197) written so:

agt+G2=A. (6.205).

After separation of variables and integration we arrive at tabular
>(6.198) integral

t- A--- "(6.266)97

(6.199) By solving equatidn (6.206),, let us construct graph G with respect to

t for several selected values of A, which lie from Amin to Amax . The

:lue of area, limited by curve G(t) and calculated for various randomly selec-

ded into tive values of t, allows constructing a graph of Z with respect to t
also for various (selected earlier) values of A (Fig. 6.3). But to

every value of A, as follows from equation (6.200), corresponds one

(6.200) value of Z. Now on the graph of function Z(t) let us plot the values
of Z, obtained from equation (6.200). By connecting points a, b, a,

(6.201) plotted on the graph, to a smooth curve, we find thd final solution of
equation (6.198) in the form of graph Z = f(t)A. Thus, by points a,

tion b, c for the accepted quantities of A we can find a-number of values
ta tb, t ... Now, by transposing values t , tb, te to graph G(t) and
using curves G with respect to t, corresponding to various values of

A, we find flow rates , G G ... and construct the relationship of(6.202) a b

flov rate to time in the form of G = 0(t).

value
ng of t',

ng oS Fig. 6.3. For the graphical
analytical solution of equation

ell AS (6.194).

(6.203) 1 At
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I I

Filling of lines with low-boiling component where-:

of equI

During motion of cryogenic liquids, as a result of heat exchange

with the wall a certain quantity of liquid will be vaporized. The

vapors occupy as if three regions. Part of the forming vapors is

before the front of the moving component and creates some counter-
The pal

pressure in the line in the re~gion between liquid-and the injector

edge. On the initial section of moving liquid -there can be formed

a region of film boiling, and following it - a region of nucleate

boiling. However, the character of vaporization will depend on the

thermal properties of the line, the properties of -cryogen, the Conseqi
velocity of its motion, the amount of counterpressure, etc. The

conditions of liquid motion are determined now not only by the

pressure balance (6.176), but also by the equation of law of conser-

vation of vapor-gaseous phase in the form

Having,

o, (6.207)

where YM - mass of vapors, formed as a result of gasification of

component; YO - the quantity of gas and vapor, located in the line; T 1
Y the quantity of vapor-gaseous mixture, escaping through the

injectors during filling of the line 
with liquid.

The wall temperature of the line -Varies from initial value TCTO

to a temperature, practically equal to the liquid temperature, on a

rather short section of path. If we consider that the liquid The fre

temperature T is equal to the boiling point Ta and that the transition

from TCTO to T. has an intermittent character, then heat, given off

by the wall,

q=nd1AQc7cr(Tejo - 7 )'  (6.208) where

where Z - length of the line, filled with liquid at moment of time t.

Inasmuch as the liquid is at the boiling point, then all the heat q

is spent for converting the liquid into vapor, i.e.,

q=Y~r*. (6.209)
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where ri latent heat or 'vaporization. By equating the-right sides

of equations (6.208) and (6.209)) we find

x change

The 1.. ld (6.210)
'is 

r

nter-
The path, being passed by the liquid front,

ctor

rmed
ate Gd, Gdt. (6.211)

n the

Consequently,

Y. 4AIQc Ic (r0,Tj, ~ Gdt. (6. 212)
on~ser- rg0

Having taken the derivative with respect to t, ,we rind

I. 207)
4 iQCTcCT (TTO -TS) G. (6.213)

ltne;The quantity of vapors in the line is determined by the equation

of state:

TCT YO WO (6.214)

on a

The free volume in the line
'ans~tion

offV 0 =V,-- OdN, (6.215)

0

.208)where V -initial volume of line. Therefore

Mie ,t. YO ZZ I v,_tIGdt). (6.216)

.209)
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alor
Consequently, begi

(fror
( ., -'G d) G(6.217) fron

of I

Being guided by .a small pressure-drop on the injectors, we its'

accept vali

Let

GN..=pF,!',lP'- (6. 218)

where - .pressure in the chamber; Qr -gas density:

PKPut

(6.219)

The

Consequently, heat

exct

),=IPF4 22L (p.- p.). ( 6. 220) to)
RT (.exc!

accE

Now the initial equation of the law of conservation of mass

assumes the form

4~S L~AT~T) more
Sr' d I [ 1 forrr

- - 2-R(p,,.p. (6.221)

Equation (6.221) contains two variables: Pn and Z and their deriva- heat

tives. Therefore, the considered equation should be solved together

with the equation of pressure balance (6.176).

As already mentioned, in actuality the process of change of the

wall temperature from its initial value TCTO to final, equal to T., By

proceeds with time. Consequently, there is a section of the tube,
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A1

along the length of which the wall temperature is variable. The-

beginning of this section approximately coincides and- moves with the

front of liquid, and the region of lowest temperatures is arranged

(6.217) from the liquid front to the side opposite the direction of motion

of liquid. To every current value of temperature T there corresponds

we its distance x, measured from the liquid front; :besides this, every

value of 'T will characterize a definite intensity of gas formation.

Let us derive the equation for constructing the graph of function

(6.218) T (x).

Heat, transferred from the wall to liquidi

Q=UFCT(TC,-T,) (6.222)
(6.219)

The heat transfer coefficient depends on particular conditions of

heat exchange. On the path of gas formation the intensity of heat

exchange varies, and when conducting detailed research it is necessary

to separately examine the regions of film, nucleate and liquid heat(6.220)
exchange. Let us be limited to the case when it is possible to

accept

iass
AG'n, (6.223)

moreover for separate time intervals A, m, they are 'assigned in the

form of constant quantities. Mass of the wall being cooled j
6.221 }, -- ,F,, ,(6.224)

deriva- heat,, given off by the wall,
;ogether

Q-,,c,,-. (6.,225)

of the
of the By equating the right sides of equations (6.211) and (6.214), we find

tube,
AG- r, -_, (6.226)
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After integration we, obtain 'Here
coolii

4 =M fl- I (6.227)

We find this time by-using the equation of continUty
The vr(

( .228)of val
(-4Jx (.28 nudlez

which

By equati'ngi'the right ii'es--or equations .(6.221)- and ('6.228), we xx
find the length of the section,.;oh-'wh~ch the wail' temperature is

changed from Tc6TO toT

x - 1 (6.229) by the
of the

heatir

where quant i

of vaF

14d 2 Q(6.230)

By raising formula (6.229) to power, after transformations we obtain

the'sought eipression for constructing the graph of function tC (x)

in the form

7':=TFTo exp(-T., [I expf)] (6.231)

With a blister being formed on the surface of the wiall of boiling

the coefficient of heat emission can be determined by an equation,

obtained on the basis of th~e theory of heat transfer:

0 l~=a. j-lQ Z~L )G+

-LFL( (6.232)
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Here coefficient an is calculated under the assumption of only liquid

cooling:

(6.227) A.

The relative quantity of vapors X%'. where G the flow rate

of vapor and liquidin the considered section of the line. With
(6.228) nucleate boiling 0<<x,,. If x>x then film boiling appears,, at

which the coefficient of heat emission sharply drops. The value of

.228),, we ", is determined experimentally.
is

With nucleate boiling the liquid velocity is increased due to

constraint of the flow duct by bubbles of vapor; this is considered

(6.229) -by the addend of equation (6.232). The augend considers the increase

of the coefficient of heat emission, which appears because of pre-

heating and vaporization of part of the co6ling liquid, the relative

quantity of which is equal to X. Turbulization of flow by 'bubbles

of vapor is considered by exponent m, determined experimentally.

(6.230)

obtain

TCT(X)

(6.231)

of boiling

ation,

(6.232)
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CHAPT ER VII inter 1

T
TURBOPUMP UNIT'

depeni

turn d
A. CENTRIFUGAL PUMP a

iaccur

One of the most importat units of the feed system, which g

form o
provides motion of propellant components albng the hydraulic passage,
is the centrifugal pump. The pump is actuated from a turbine and
at nominal revolutions provides the design head (pressure) and the

required flow rate. With deviation, from-nominal revolutions both
the head and flow rate are changed. While maintaining nominal shaft
revolutions, but with change of head the flow rate changes. In torsic

all these cases, as a rule, the power consumed by the pump, and t
its efficiency are changed.

The change of operating conditions of the pump is ,caus.d by
various factors, which can be divided ito: I

trans f
a) depending on the characteristic of the turbine and the

peculiarities of its operation,;

b) depending on the parameters of hydraulic lines and where
pressurized systems; rate o

c) depending on parameters of the pump itself.

The pump parameters are selected while designing and are

refined experimentally. Under nonsteady conditions they vary

with time. Small systematic deviations from nominal values are
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associated with the action of. external factors, and they can also be

caused by industriali technological and operational factors.,

The study of nonsteady Operating conditions of an engine and

the effect of external and internal influences is impossible without

knowledge of the interconnection between power, consumed by the Pump,

its efflciency created by 'head and flow rate of liquid. This

interconnection is a characteristic of a centrifugal pump.

The complexity of mathematical expression of the characteristic

,depends upon the accepted theory and the assumptions made, which in

turn are determined by the purpose of research and by the required

accuracy of calculation. In this work is discussed one of the possible

engineering methods, making it possible to obtain the solution in the

form of convenient calculation formulas.
passage,

and
7.1. Head, Created by the Pump

d the

both During operation of the turbopump unit ETNA] (THA) to the pump

shaft which revolves with angular velocity: w, there is applied
In

torsional moment M. Elementary energy, transferred by the turbine
d to the pump, will he

dE=Modt. (7.1)by

If ail the mechanical energy, supplied to the-pump, is
transformed into energy of liquid flowing through the pump, then

dB-HiGdt, (7.2)

where Ht - theoretical head, created by the pump; G - mass flow

rate of liquid per second.

Inasmuch as

Gdt=din, (7,3)

re
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then

dE

Thus, the theoretical head is equal to energy, supplied to the

-pump, and pertaining to a unit of mass of liquid. condi

BY equating the right sides of equations (7.l-) and (7.2), we

find

'and d
(7.5)

The actual head, created by the pump,

(Pl? 4
flf, (7.6) PP I

'where the pump efficiency

(7.7)

of th

Here 'iv.- efficiency, considering volumetric losses, i.e., the impel

leakage of liquid from the flow area or the presence of dead

(parasitic) circulation; 1h - efficiency, considering hydraulic

losses in the flow passage; tH - efficiency, considering losses,

which appear due to mechanical-friction. where

From the theory of centrifugal pumps it is known that
state

4 = ,,. (7.8)

Now equation (7.5) can be rewritten so:

M (7.9) where

It is known that power

N-wM. (7.10)
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onsequetly, power, supplied to the pump from the turbine-,

(74) N=-. (7.11) 4
(7 .4),,

the The actual head, created by the pump, under steady state f
conditions is made up of static head

we Q (7.12)

and dynamic head
(7.5)

'/ -(7.13)

Usually we measure pressures and velocities at the pump inlet
7)(P Cl) and at the pump exit (p 2 , C2 )" The increase of head in the

pump

H- -2- _ , + U(7.14)

(7.7) With nonsteady conditions, i.e., with change of angular velocity
of the impeller with time, moment MW, imparted to liquid by the

impeller, will be smaller than moment M, supplied to the pump shaft:

c M=M-J,, (7.15)

where 9H - moment of inertia of revolving parts of the pump.

The increase of the pup head under conditions of nonsteady
state

(7.8)

PQP1 21
N. 2 - p  CL. ( () l, ( 7.1 )

(7.9) where C(t) - acceleration of liquid flow.

(7.10)

274



The last component in equation (7.16) represents energy, referred EqA

to a unit of mass of liquid' and being spent for overcoming of mass states,

'(volumetric) forces. In order to visually represent the valueof rocket
the last component, -let us- accept that the -acceleration of flow isc can be
identical for-all points of the passage. In this case pressur

j ()d1=C. (7.17)

of law
Let us multiply and -divide the right side of equality (7.17) by FQw. us writ

then

Fen-C (7.18)

The mass of liquid, which fills the flow area of the pump, Th

express
m=FQ4l.

Force, being, spent on overcoming mass forces,

where

P=mC. velocit

(the pe

The pressure equivalent to it
mC

is the

Consequently, the drop of head, caused by the action of mass forces, transfe

will be

Htme

By usi

and this is the last component in equation (7.16), i.e.,

l() dl =% H4. (7.19)
where
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,referred Equation (7.16) is widely used during research of nonsteady
C mass states, especially, connected with the starting of liquid-propellant

ue of rocket-engine. With rapid starting of the engine acceleration C
low is can be so great, that it will cause a severe decrease of static

pressure, which sometimes leads to rather deep cavitation.

(7.17) Let is first determine the separate components of the equation

of law of conservation of energy of a centrifugal pump, and then let
by f. us write the general equation of energy in collected form.

7.2. Energy, Transferredc to Liquid by a Vane
(7.18) Wheel at Steady State,

ump, The resultant moment of interaction of a wheel with flow is

expressed by the equation of moments of momentum:

M= G'[(Cur>,- (Cur),, (7.20)

where G' - flow rate through the wheel; CU - projection of absolute

velobity of liquid motion to the direction of the velocity of following

(the peripheral velocity of the wheel);

(Cur)i = r d (07' (7.21)0'

is the mean value of the velocity moment along the section. Energy,

s forces, transferred to liquid by the vane wheel,

M,

E, = -"It w. (7.22)
G'

By using expressions (7.20) and (7.22), we obtain

Ex=Cu2U2-Cu,U,, (7.23)

(7.19)

where peripheral velocities

(7.?4)

U,x=wr,. (7.25)
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7.3. Energy Conversion in the Flow Area of a Wheel
at Steady State

From velocity triangles, constructed for the impeller inlet and

outlet (Fig. 7.1), follows:

CU+J 2 --t--; (7.26)

2 2'', _- , -W , (7 .2 7 )

where 1. - velocity of following (peripheral velocity); W. - relative
velocity of liquid; C. - absolute velocity of liquid; CUi - projection

of C. to the direction of velocity U..

By subtracting the obtained expression (7.27) from equality (.7.26),
we find

eleme

CU2J2-CU, =
ur2 2

+ (02 2u/_-*_W (7.28)

centr

The left side of equation (7.28) according to relationship (7.23)

represents energy, transferred to liquid by a vane wheel in steady

motion. The right side of equation (7.28) characterizes the types of rocke

-energy, which tha liquid possesses. The addend represents 'the consi

increase of kinetic energy in absolute motion, equal to kinetic head circu

""-HKKN'" 2 " (7.29)

relat

The augend of the right side represents the energy of interaction of conse

flow with external forces, equal to static head movem

uw2u2-w2 P2 -P1
2E2 = Q ,K (7.30)

.4 where
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AA II

~(7.27) '

(747) Fig. 7.1. Velocity triangle

for the flow area of a- centrif-relativeugal pump.

projection

Proof of condition (7.30)

(.7.26),

The equation of motion in the direction of the movement of

element of liquid is writtenv qo.

" - as -(7. 31)

(7.28)
In relative motion (ls+ge)' is the sum of external volumetric,

centrifugal and and Coriolis forces.

7.23)

steady External volumetric forces are determined by acceleration of

,types, of rocket flight and acceleration of gravity. It is e'xpedient to

he consider their effect in the examination of the entire hydraulic

tic head circuit.

(,7.29) Coriolis force of inertia is perpendicular to the direction of

relative velocity, If an "ideal" centrifugal wheel is considered,

ction of consequently, the work of Coriolis force in the direction of

movement of liquid will be equal to; zero.

(7.30) Centrifugal force

(Or cos O-= w2r (7.32)
dS'

where 0 - angle between segments Ar and AS.
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Under steady state conditions equation (7.31) with consideration w there

formula (.32) will be written so: 
the w

dw W= rr I dp

"W- = s, 'Qx ds (7.33)

Multiplying by dS, taking into account that Here

vane
U-ew, (7 .34 ) leakaj

openir

and integrating', we find

W, V, PS

ex (7.35), where,
w u, h - b]

After donversions when Ox const the expression .for static head,

takes the .form

"E = - 2 Q (7.36) r- ct

After

which is identical 
to formula (7.30).

7.14. The Working Formula of Energyj Transferred
to Liquid by a Vane Wheel

at Steady State By ass

The work, accomplished by a wheel when w = const,

' S C u dr. (7.37) the me
'a

From the velocity triangle it follows that

CU , (7.38) where

According to -the equation of continuity

C ',
, b k, (7.39)
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where b - width of flow part of the impeller; G' - flow rate through

the, wheel (Fig. 7;2): 
f

( ) G'=G+4Gt±AG2 -. (7. 40)

'Here -G - flow rate through the pump; AG1 - leakage in the region of

vane wheel, caused by circulation through the inlet throat-; AG2 -

(7. 314) leakage in the- region of vane wheel, caused by circulation through
openings of -the vane web; k - constriction coefficient:

A (7..41)
21 A

(735) where A - blade thickness; $ - current value of blade angle;
h r -b lade pitch:

head

/1 (7.42)
z

(736) r - current value of radius; z,- number of blades.

After the necessary conversions we receive

E . .. r ' (7.43)

By assuming

G'k
Q~b tg P

(7.37) the mean value on the section of path S from rI to r we obtain

(7.38) where D and D are easily determined by formula (7.44).

(7.39)
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: Fig. 7.2. Leakage of liquid
CS in the region -.of the impeller

I of a centrifugal pump.

After

7.5. Determination of Kinetic Head

Part of the energy, transferred. to liquids, is spent, as was

noted, on increase of its kinetic energy. From velocity triangles

(see Fig. 7.1) follows:

U2- C r C;___ reacti
2 2 2 (7.45)

Thus, the increase of kinetic energy of liquid in absolute motion

(7.46)
2

is equal to the increase of kinetic energy in rotatory motion

For de

2

plus the increase of kinetic energy of radially directed flows

E,=c,2-c, (7.48)
2 Thus,

By. substituting in equation (7.45) the values of projections of

velocities, after conversions we receive

w2 - ( r ) in tha-- 1 - , b, t , +
-fe w b Ig tg ' C = 0 ,

.(A -- 2. (7.49)

tg2 T rb "
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7.6. Deterination of Static Head

According to the velocity triangle (see, Fig. 7.i)

COSA," (7.50)

After conversions of equation '(7.36) we receive

'IX 2 SWn
- 

12 6, gin2 11
t 2( rFl k2 )2  , )2]

2, (2)2[(r2h 51".3h, (rjbl'sn~i) (7.51)

was Degree of reaction of vane wheel

The ratio of static head to total is called the degree of

reaction of vane wheel:(7.45)

ion = PA, (7.52)

(P2- PI) + Q'M 2
(7.46)

For determination of static head it is possible to write
(7.47)

eT =E- .. = Cu,2 J2 - C -
C 2C21
IuV- CU C122- Cr~l

(7.48) 2 2 (7.53)

Thus,

, ( - ) ((7.54)
2 (CU2U2 - CuU, )

In that particular case, when it is possible to assume C,.=C,, and
Cu', =0O,

2U2 " (755)
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After simPle -onversionswe obtain In o

(1.56)examl'=T (7.56)

7.7. The Energy of Liquid, Caused by Angular
SAcceleration of Vane Wheel-, since

-The moment" of momentum (Fi'g. 7.3) -

A% = SCur)dm; (7.57) The-a
Ej. b

elementary mass of liquid - in th

The a

d=--dr; (7.58) veloc
k

energ

transmitted desired energy - the f

MM =_ (759

By taking the mean value for 0'b on section of path. S from r to r Equat
k 1 2

we obtain the a

E;, 2Q.,G1 ' (wC,,r)r dr (7.60)

After
or

E .2.W.0, b j
k di (,fC,) r2dr" (7.61)

"I we ob

With filling of the entire interior cavity of the wheel with liquid

the solution of equation (7.61) has the form

Havin

- - r2) (7.62)
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tA

In order to characterize the energy distribution E by types,. let us 4

examine equation

(7.56)

dt W '2 /

since

(7.57) The addend of the right side of equation (7.63) Characterizes energy

-Ez,, being consumed on ,change of angulair velocity of rotation of liquid

in the flow part of ,the impeller with time, 'inasmuch as Cuf=f,,r.

The augend characterizes energy E;, being, consumed on change of radial

(7.58) velocity component 'of liquid with time, and the third component -

energy E, caused by change of external -surface forces,, affecting

the flow, with 'time. Let us show that

(7.59) dL(U 2 -W 2  = ; (:-7.65)

r to r2, Equation (7.31) taking into consideration equation (7.-33) and with

the absence of external volumetric 'forces is written so:

Wo=w2r'dr_ 1(7.66),(7.60) dS Qas

After multiplication by dS, taking into account that

dS- w, (7.67)
dt- ,

(7.61),
we obtain

h liquid WdW=UdU --- dS. (7.68)

Having divided equality (7.68) by dt, after conversions we find

(7.62) Uo-WW. di U.-W2 = ap (7'69)2 Q
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Now, i

Fig. 7.3. For derivation
/M r 6 of formula (7.59).

7.8. The -Workina Formula~of Energy, Consumed on Chanye tak
of the Angular Velocity of Rotation sectic

Of Liquid in the Flow Areafom
of Vane Wheel om

As was shown,,

(7-76)

Thus, instead of computation of E; it is possible to calculate the7
components of the right side of equality (7.70). Under nonsteady
state conditions energy-

L
dimd "(7.71)

where w- angular velocity of rotation of liquid; J)M - moment of
inertia of liquid: E lemen

WJj= r2 sim = 2ar'b k 'dr. (7.72)

The angular velocity of liquid surfac

CU (7-73)
r

Accor'ding to the velocity triangle and equation of continuity Cons eq

k. (7.74)

Derivative

S 2ar0bg ig P
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-Now, instead of equation (7.71) we will have

,.E .= .! .__ o, k)×X

toX-i - - ' rs• ( .6

By taking for all' parameters, except P, their mean values on the

section of path S from rI to P2. we obtain the solution in this

form:

E" -- r ) -, . ) _ ., k X

X r27r2 + k )2 X",n

x(7,a ".1o GI+ 2o X z-- r 1. (777)

e the 7.9. The Working Formula of Energy, Consumed on the Change
ady of Radial Velocity Component of Liquid

Let us write the initial expression so:
(,7.71)

E; = S C I
r dm =  I dP- 1 m - - (7 78)

of
Elementary force-

dP=4,,dm- 2trb2---dr=Gdr;
(7.72) 2.,rbex k (7 79)

surface of application of force

b
(7.73) F-2r.-. (7.80)

Consequently,

(7.74#) E; =. ,-- t !'L-- 7 8
2n rb

(7.75)

286



By taking the mean value for G'k/b on the section of path Sfrom r

to r2 , we obtain: solution

U;-~ In (.L
I"2 (r] (7.82) where

pump.

7.i0. The Working Formula of Energy, Caused by Change
of External-.Surtace Forces,

Affecting Flow

Accore
The external surface force, affecting flow, is equal to

*,. . By using equality (7'.69), we obtain the initial expression

in -the form

E,=2i , 2-W2 rdr inl th

I, dt,- (7.83)

By taking the mean value for ?,G' -± on the section of path S from
k

r1 to r2 , we obtain Thus

=--. d 2 dr. (7.84)
S k Jdi

Inasmuch as If Q ,

W= 'k ,(7.85)

the solution of equation (7.84) takes the form

EP-'V"'aA (r2- r2) -

0'(0'k In (r2 )
2JTQ,bsin23 (7.86)

7.11. The Working Formula of Energy, Caused by 'Change Flow
of Liquid Velocity in the Pump

Inlet Throat
Elemer'

Additional head (or decrease of head), characterizing steady

state in the flow area of vane wheel, was determined by integral

(7.62). The mass forces affect flow in the inlet throat and in the

espiral chamber. For inlet throat
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tom r t LO.F- dG L dm, (7.87)
-0

(7.82) where CO - liquid velocity in inlet throat; G - flow rate through the
pump. For -a passage of arbitrary shape-

dm ='Qo(I)dL (7.88)

According to the equation of continuity

ession CO=(89

o4

in this case(7.83)

fro- - { (7.90)
from ePO

Thus

(7.84) E.= (7.91)
Q3Fo (l)

If QmFo = const, then

(7.85) E6. (7.9Q ..to ( 7 9 2 )

7.12. The Working Formula of Energy, Caused by Change
of Liquid Velocity in a Spiral Chamber,

Similar to formula (7.87)

(7.86) E d'(793)

Ee Flow rate G-G(00).

Elementary mass of liquid

steady dm=Frdi, (7.94)

egral

id in the
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moreover, (Fig. 7.4)

F='bdr. (7.95)

In a spiral chamber r 2 = const, r,(4) and b(r.q), Thus,

:,,.(=,(7.96)
dm ' f rbdrdp.

Obviously we should take

2.t ,(7.97)

where G - flew rate through the pump. Let us assume the spiral chamber

is made so that

_ (7.98)

where C' - tangential velocity component of liquid after exiting the

impeller? It is evident that For

C00

2= r 2. 2b :g , (7.99)

Now equation (7.93) assumes the form Let

E 2:-=--- | -?'

x r0 " * '710wher(

/r Insti

First we should take' the internal integrail, having substlituted b(r) .

In the solution one should substitute rs(v) and find the solution of

external integral By.t

p3I I I I '.

* 289, I
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Fig. 7.14. Geometrical dimen-
(795)sions of spiral chamber.

(7.96).-

96),

(7.9 7)

7.13. Energy, Consumed on Overcoming Forces of Viscous
1 chamber Friction in the Pump Inlet Throat

Sought energy
(7.98)

EAC. P. (7.101)
ing the

For determination of-hydraulic losses 'let us take

7.99) APc =-L % G Fd (7.1 02)

Let us also take

4 (713

where -coefficient of the cross-sectional shape of the channel.
(7.100)Instead of formula (7.101) we havd

7X d (7.104)

By t'-'king the mean value for X/ 2d we obtain

72c-r*i (7.105)
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If hydraulic losses are determined experimentally., then it is

expedient to express the friction coeffcient A -through resistance

coeffidint T, having accepted X=-. In this case solution (7.104)

will differ from solution (7.105).,

7.14. Energy,.Consumed on Overcoming Forces of Viscous
Friction in the Flow Area of'Vane Wheel

whe

Initial relationship

,,,P d, dr, (7.106)
,, whe

where d - equivalent diameter:

F

H (7.107)
Vei,

The area of the channel in relative motion

k.2-r rbsin; (7.108) whe

perimeter of channel

TH=4mr, -(7.,109)

where T -" coefficient, considering the presence Of blades:
' wher

n, + its4.v -' .',-" " Zit "( 7. llO0}
4nrcos,5 2lir ( .1 (

Now relationship, (7.106) -wi11 be -writt-en so:

-- _0_ 3 dr. (7.111)
16.t2 42, r2b3 s~n3,8

'I

By taking Q. = const and For

63 sin3

for its mean value, we obtain

L.-k3 (G' (7. 112)
16,10 2Q s-ln3  \ri, r2  ( 1
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7.15. Energy, Consumed on Overcoming of Forces of Viscous
Friction-in a Spiral ChaUmber

Lstance

+(1'.104) It is evident that

2.

2,c+ ).-~d& (7-113)
IS 0

where r - radius of -center of gravity of cross section. LetcP'

rcp'-r2+G9. (7. 114)

where

a=rp mx --2x

(7.107)-
Velocity

(7.11-5)

(7 .'10'8)
where

(7.116)

(7.109)
F, =-'P31(7.117)

where F -cross-sectional area off spiral chamber at the place off3
(7-.110) its connection to outlet throat.

Thus,

(7.nl n ,(7.1n8)
(7-111)

For circular section

(7. 119)n = 2ar ( N) f7-3;(7.n

(7.112)
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for noncircuiar section 
affec
by ar

.= V-'F (7.12o) (7.62
housi

where 4 - coefficient of shape of section. After conversions tO fc

expression (.7.113) assumes the form

,t2 2uC4+ 2 

-" (r2~'.-- ~a\~Vd (7.121)

By taking the mean value for X we find the solution for p. z const

in the form

where

-(A) (.7.122) inlet

ve lo

7.16. The Law of Conservation, of Energy
-for a Centrifugal. Pump of li

''Energy E,, supplied to the pump shaft under 
steady- state angulangu

conditions, is transferred to liquids by the vane wheel as E1 , K ~enerS.
determined by formula (7 .44). This energy corresponds to the head and e
of steady state, i.e., force

force

E.=H , (7.123) eter

which is made up', in turn, of kinetic head HKHH, determined by

formula (7.49), and static head HcT computed by equation (7.51).

Thus,

overc
'H (7.124)

EK=hK..-R Ec. (7.125)

Under nonsteady state conditions part of the energy Ej, supplied where

to the impeller is consumed on overcoming mass (volumetric) forces, (7.10

Impel

and i
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affecting the blading of the-pump. The energy of liquid E;, caused

by angular acceleration of vane wheel, is -determined from- formula

7.120).62) enegy E. ., caused by change of velocity in the- pump

housing, is the same of energies 'Et. and Et, calculated, according

to formulas (787) and (7f100) respectively.
s

Thus,

7.121) E = +±Eb..4 ; (7.126)

const E.,=£E.+E, (7.127)

where E - energy, caused by change of liquid velocity in the

7.122) inlet throat of the pump; E4 - energy, caused by change of liquid

velocity in a spiral chamber.

During analysis of equation (7.63) it was shown that the energy

of liquid, caused by the presence of angular acceleration of

vane wheel, is equal to the sum of energy E;., going for change of

angular velocity of rotation of liquid in the flow area of vane wheel,

energy E;, consumed on change of radial velocity component of liquid,

e head and energy E, which appears -as a result of change of external surface

forces, affecting the flow. The last three types of energies are

determined by formulas (7.77), (7.82) and (7.86) respectively.

7.123)

Thus,
by
151). E =E,;.--E; +E ( 7.12 8)

Under steady state conditions part of energy Eh is spent on

overcoming forces of viscbus friction, moreover
7.124)

7.125) Eh=Ehb.+Ehx+Ehc, (7.129)

supplied where Ehc, pertains to the inlet throat and is determined by formula

forces, (7.105), EhK - characterizes hydraulic losses in the flow area of

impeller [formula (7.112)], Ehc'corresponds to a spiral chamber

and is calculated by formula (7.122).
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Now it is possible to write the, equation of the law of

conservation of energy for a centrifugal :pump, operating under-

conditions >O, in the following assembled form:

EE -- E--. (7.130)

In expanded form this equati6n-will be written so.

E=E-E" - -Ec--Ehc.--E 3 --Ec. (7.131)

B. SCREW: FoRPU MP

7.17. The Basic EQuation of Dynamics

of a screw ForepMp

The basic equation ofudynamics of a screw forepump is the
relationship of head of a screw conveyer to time-variable flow rate,

rpm and theiri derivatives.

During derivation of the basic equation of' dynamics of a screw

forepump let us take the following:

- ideal, incompressible liquid; abou

the

- one-dimensional, continuous, axisymmetric motion of liquid; thro

rela

- single-phase flow, without vapor-gas inclusions, of a.

axis

Let us separate (Fig. 7.5) the element of liquid with mass

dm -QFirdS (7.132)

to
and examine its motion in the channel of screw conveyer. Let us
expand into a plane an infinitely thin layer of cylindrical cross

section of vane cascade, being at arbitrary radius ro, from the

axis of screw conveyer.

295

I *



fIrider 
,

(7-130)(7.130) i f

(7131) 'elmI .II

IIf

the

low rate,

Fig. 7.5. For calculation., of screw
forepump.

a screw

To the separated element of liquid let us apply the theorem

about the change of moment of momentum. According to the theorem

the time derivative from the moment of momentum of liquid, flowing

liquid; through the boundary (reference) sections of chanhels of the impeller,

relative to the axis of screw conveyer is equal to the sum of moments

of all external forces affecting the liquid relative to the same

axis:,

ias s dLr 1
(7.133)

~7.132) 4
The moment of momentum of liquid in impeller channels is equal

to 
:

t us t

cross s

the L=, rCudm. (7.134)
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For fixed. r with steady motion of liquid the quantity of time B:

derivative from the moment of momentum is a function of two (.7.133

independent variables - time t and coordinate S. forepui

In this case

CV-Cu(,, S); C.=C 1(,s); W=W(,,s;
FW=mFlSl; I.

U=U(i)-for axial-flow ("_ i~ g~l ; !(7.1 35)'
U=U(,')-for centrifugal 4

impellers.
The in

By substituting expression (7.132) in. formula (7.,i34), we obtain increa

the mo

L()= rQFw(S)Cu (r, S)dS. (7.136) liquid

Let us differentiate expression (7.136) with respect to time:

dL S1
-~-=QIrFw(S)Cu(. S)W(, S)I +

S.

+ ! rFw(S)Cr(S is, (7.137)where
s. pump aiwhere

is ,Pos:

W (.r, Sd

By substituting integration limits and omitting the entry of for 1i2
parameters (T and S), we obtain

dv
= (r2F ,wW2C2w - r1Fi,WCu)-..

S, 73 Then ti+ Q ~ r F ,_ d S( 7 1 3 8 )
QrFw. dS.I

The moment of external forces, applied to every kilogram of

liquid moving for a unit of time, creates increase of specific energy the wol

of liquid, i.e., it characterizes the magnitude of pump head. For

steady state these quantities coincide:

,- 1, 0), ,,, ( 7 1 3 9 .)

A 9
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f time By substituting equalities (7.138) and (1.139) in relationship

(7.133), we -obtain the expression for theoretical 'head of screw

forepump:

St
+ s, ±Cu UP.,dS. (7.140)

7.135), G' 36, d

The integral in expression- (7.140) characterizes the amount of

tain increase in the moment of momentum, cuased by time variation of

the moment of momentum of the mass of pump rotor and mass of

7.136) 'liquid flowing along channels of the impeller.

Generally the work on section 1-2:

$,

A= (6 dS,

7.137) where P - force; S " path. As applied to the impeller of a vane

pump and the liquid .flowing through it under transient conditions it

is possible to write for the impeller:

P,=mKU dSx=Ud';
dT

for liquid:

P,=m, dCu dS =Cu d.

Then the work of impeller(7.138)

A,= ! PR dSK= mU dU;

fic energy the work of liquid

For
22

A== P.,.s-= S mCu dC.

(7.139)
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It is obvious that in the ext.ession for pump head under

transient conditions only, the work of liquid should be- considered. have

Taking into consideration the aforesaid and equality

F= W=F1wW1= -
-,

equation (7.140) takes the form i.e.,

H,=(U2Cgu-U 1Ciu)± ~FjjCU dS. (-7.141)
S.

so

Expression (7.141) is the basic equation of dynamics of axial-flow.

forepump. impel'.

edges

The theoretical head, developed by the screw forepump in channE

transient conditions, is equal to the pump head at steady state

according to the Euler equation (binomial in brackets) plus the head,

obtained as a result of change of quantities CU, Z' with time and (7.14

along the length of the channel.

Let us convert the expression, standing under the integral sign

of relationship (7.41). From velocity triangles of a screw forepump, we re(

operating in pumping mode, let us express the quantity-of peripheral screw

component of absolute velocity:

C- = U (7.142)

Equati

By assuming C1U a function of two independent time variables It per

U(T) and CmfC), let us differentiate equality (7.442) in time. In during

this case we assume that the third quantity, which enters expression

(7.142), - flow angle at pump impeller iniet $n - does not have

independent change with time, but is changed depending on the change

of quantities U(T) and " $-', - ) and is determined uniquely through To get
m

them for any C1 = const. convey

define

screw
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• " i

:r Thus, as a result of differentiation of expression (7.142), we
dered. have

IC 'u OC,

f av tg (7.143)

The flow angle varies along' the length ,of the impeller channel,

i.e.,

(7.141) 3,=pis
I I

Al-flow In front of the screw conveyer vane inlet P- a7i and

impeller channel vane inlet (at, a sufficient distance from the leading

edges of vanes) it is possible- to consider 1-s. and at, impeller
in channel exit Pna-t, where 0, - angle of lag of flow.
tate

tbe head, 'By substituting equalities (7.142), (7.143) in equaton

me and (7.141) and considering equality

I S

,Fw=,F. sin 16,

gral sign

forepumnp, we receive the following integral equation for theoretica head of

eripheral screw forepump, operating 'in p)mping mode with unsteady motion:

I."'
H, _U~ v2 I E -C -2 -K - sn ,jS

,? )7.144)

Equation (7.144) is the basic equation of dyn~mids of screw forepump.

ables It permits determining the m'agnitdde of screw conveyer head both

me. In during work at transien conditions, and at steady state, when'

xpression

have -=0' 0 .
he change

through To get the calculation relationship of theoretical hea4. of screw

conveyer ft is necessary to integrate equation (7.144) under fully

defined boundary conditions, which correspond to the design ;of

screw forepump and to its operating conditions.-
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7.18. Boundary Conditions for Integratibn of Basic
a Equation of Forepump

:1. a

a.The theoretical head ot the screw conveyer to a considerab)Je

extents depends, basides,factors conaidered by eqi~ation (7.1410, on

I a

I fe .a

th amun an ieto fe ysi f lw tte ce ovyr

aaThere are examined several basic cases of operatioziaof screw
'forqpump. As. the positive -direction of, spin of flow before the screw. form

* conveyer-there isitaken the ' angle a,, read clbckwise from the

I ,1

direction of the vector of axial.velocity component.to the direction

of the absolute vdlocity vectort of'flow. 6ependiAg on-the amount' of
flow and ,the, direction "of this angle we determine the 'Amount 'of the The f

" hhead of screw conveyer for four cases, characterized bythe desigc d ,entr

* * of the,-punip and its operating conditions. In this-case the head ofine
sctewconveyer as a mean integralquantity of criergy along, the cross
section of flow is determlned by, the calculated diameter D of

series-connected (not isolated) screw conveyer. In thiscase

(I I

D- I '45

4 * ' I ,aBound
r e -' external diameter of screw conveyei'; d diameter of

screw conveyer bu.shing.

, , ;4

For'all the cases of operation of the screw eonveyer stated, qa
below there takes place the fvllowing equality, ensuring from the 

design of axial-flow fenidpeller:

, :woerthe aout U locriyphectra ofeloie ofescew conveyer amt"o

a I .

calcate f sc e~ q attecwcnveyer inleu ass caate azed. oute d.esitnr
, ce acnee sama nerl quntt ofo5ryaog h rs

, suppse e tan C erpheralong the ciets of sthe t conveer at posit

vane. i aiista

ee ts cconv

4304

! I I 7 a

I 4:'!

7 I 5

,IIbeo thrIae lc h dlwn qaly nuigfo h

a I a

a I a

-I I
a 5



The~ first case

rable
14,on Bounday conditions

conveyer

C,"=-O; C,,=u C2  (7.146),tghP,

screw .Equation (7.144) at boundary conditions (7.1146), takes the
the screw form

from the a

S.

oIf the The first case of-operation of screw conveyer corresponds to axial

#esign entry. of flow on the vanes-,of screw conveyer, when flow spin at the
head of inlet is absent (C1~ 0).

he cross

of The second' case
e

7 .1J45)

Boundary conditions
er of

:ated Equation (7.1414) at boundary conditions (7.1148) takes the form

m the
117=U; ( Ci. -C2- )+

V (cv, -L W Cu )rFsnp.dS. (7.1149)
. i tg O a

S,

Let The second case-~of operation of screw conveyer corresponds to

;'eyer .9sitive entry spin of flow to the screw conveyer, for example, with

installation of an appropriate return-circuit rig before the screw

conveyer.
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The spin of flow is considere I positive, if the vector of

peripheral component of' absolute velocity, of liquid.Z coincides

with the direction of the vector of peripheral (velocity of following

-velocity of impeller U. And vice versa, - negative, if vector Cu

is directed opposite to direction of rotation of the screw conveyer.

It is known that with the presence of positive entry spin of

flow to the vane pump thu inlet flow conditions to the vanes of negaticonditi
impeller are improved. Losses of inlet h,.ad in this case are

As ar
decreased, due to which the anticavitation properties of the pump

are improved. Thee cavitation specific speed is substantially raised. tion P

Furthermore, the installation of a return-circuit rig before the

screw, conveyer reduces the eddy counterflows, which appear in thk W
under

channels of the screw conveyer during operation at uncalculated deelo

,conditions. deve1o,
ins tanl

However, the installation of return-circuit rig before the screw

conveyer leads to additional losses of pressure to hydraulic

friction and others, due to which static head at the screw conveyer

inlet is reduced.

BoundJ
The placement of the return-circuit rig is expedient in the

case when, first, this is allowed by axial dimensions and the weight

of the construction;, secondly, when the total effect is positive,
i.e.- when the efficiency of the pumping unit is raised from the

placement of the return-circuit rig.

The third case

CaIK0; 0>a2>Ul

The fo
Boundary conditions I

corres

Ciu -"-U; cm. C2m -U. (7.150) the sct- 1" th~ Conse t

Equation (7.144) at boundary conditions (7.150) takes the form
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of. C lio )
ides 4012 g tji 4,~s , c,, w.

ol'o ig . (7.151)

orCuS
onveyer.

The third- case of operation of Screw conveyer -corresponds toin of
negative entry spin of flow to the screw conveyer, .at which, the entryofo conditions of flow. to the vanes ofithe impeller are made worse.

e
.As a result of large losses at the ,screw conveyer inlet the antifric-

PUMP tion properties of the pumping unit are- also -made worse.
y raised.

the
With negative exit ,spin (a2 < 00) the screw -conveyer operates

under conditions of hydraulic stagnation and positive head does not
ted

develop. The value of HT, obtained by formula (7.151), in this
instance shows= the amount of head iost with stagnation.

the screw
The fourth, case

onveyer a0<0; 0<a2 >a.

Boundary conditionsthe

e weight C -- (7.152)tive, C ----- ; Cw'U---t" " (7. 152 )
tive, I"tg 3n
-the

Equation (7.144) at boundary conditions (7.152) takes-the form

H2UW;-U(- +~n +

k' iu--tg?, k F sl " $  (7.153)

The fourth case of operation of screw conveyer, Just as the third,

corresponds to negative entry spin of flow to the screw conveyer. At

T.150) the screw conveyer exit the spin of flow is positive (a2 > 0Q).

Consequently, the screw conveyer operates in pumping mode and
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develops positive head. The operation of screw conveyer -under

conditions of the -fourth case, is, charactirized by low efficiency

.and, low cavitation specific speed. where

-From the examined four cases ,of operation of screw conveyler it'

follows that, head characteristics of screw forepumP depending. on

impeller inlet and exit flow angles are: substantially different. In

this case there was not considered the ,effect of the magnitude of 
W d

angle of attack on the head of screw conveyer, conveyer

Basis of Selection of boundary conditions
for screw conveyer

In existing pumps of general and special machine building z - numb(

the screw forepumps are applied as a rule-without return-circuit

rigs at the inlet. Therefore, with derivation of the equation for Aft

head of the screw conveyer it is possible to consider ClU = 0, which and some

corresponds to- the first. case - boundary conditions (7.146). of screw

For small a, i.e., such that it is possible to permit equality

at screw conveyer inlet

U

head characteristics for 2nd and 3rd cases approximately coincide

with the characteristic of screw conveyer, which operates under 7]

conditions of the first case.

The fourth case is characteristic for axial impellers of variable Let

pitch with large angle of rotation of flow at impeller vanes. The following

rperation of such impellers is practically very little studied and

is associated with. instability of flow in channels, increased tendency

toward the appearance of cavitation and large hydraulic losses.

Thus, by elaborating on the first case of operation of screw

forepump as the basic, typical for centrifugal screw pumps, let us

express equation (7.147) through screw conveyer parameters. For this

let us use equalities
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Iq

er . •V
en cy UP C G',

where

eyer it 2'

ent. In kw -. coefficient, considering the constraint of flow by screw

de of
conveyer vanes (kW > '1):

B' (7.154)

ziDc, sin PI.CP

ng a - number of Vanes of screw conveyer.

cult .

on for After substitution of equalities, (7.154) in equation, (7.147)'

, which -and some conversions we receive the equation for theoretical head

of screw fdrepump in transient and steady conditions:

uality H, n2 nD G +

3600- 0 QF2 M tg r .P
O'S, C _ )U

u p - ~ P I g
t g p t g.p] X.

-iFs dS. (7.155)
tg ,,.p e' "

Wcide

er 7.19. Integration of Expressions for Dynamic Components

of the Head of a Screw Forepump

f variable Let us write the integrand of relationship (7.155) in the

. The following form:

'd and

tendency ,-12-c -= !L (U -S--..) F.,sin3 dS-

IS. S

$3
cw dCm (U" - C) Fn cos :dS.

crew g' 3

Let us

For this

3o6

---------------------------------



By stubstituting here the values of time derivatives: As f
screw cor

d&, -D~p 6n OC, OG, ae c

__:_j_ .;; =.(7.156) same (ca)

and considering equalities (7.154), we 'obtain the, expressions for

the first and second integrals:
is determ

11 e'1!P L"  "' P '.sin ,dS: (7.157)
CO CO , (;FMfgPJ

2=60--. cosdS.. (7.158)

ar 60 G e. gP. n',

Into expressions for the first and second integrals 
enters the determine

flow angle 8n, which under transient conditions varies with, tinke along

the length of the channel of screw conveyer (for noninterrupted flow, For

the last circumstance concerns only a variable-pitch screw converter)., at zero

As was noted in Section 7.,17, angle Bn is uniquely defined

through parameters U(T) and C M(T) or, which is the same, - through By subst

n(T). hnd G'(T) for any fixed Ca. Let us show that at zero angle of (7,158)

attack the dynamic components of head of constant-pitch screw

conveyer are equal to zero. Let us express the value of tg 0

through geometric and energy parameters of the pump.

Thus, at
From the velocity triangle at the screw conveyer inlet when head. nei

C = 0 with consideration of relationship (7.154) we have

tg.%, = --- ( 7 159 )
U
T  QFirnDp fl

at the screw conveyer exit approximateiy for smal' a and ft it is For

possible to write

1 L (7.160-)
U-C ~7tpn it is no

form.
sufficipfu fcnume rica
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As follows from equalities (7.159), and '(7.16o),, the difference of

screw conveyer inlet and exit flow, angles., which correspond to the

. 156) same (calculated) diameter of screw conveyer,

for 2Ij

is determined by the difference of inlet and exit cross-sectional areas

.157) I A

.158) Consequently, with accepted assumptions the flow angle during (

noninterrupted flow in impeller channels and assigned n and G is
rs the determined completely by the geometry of screw conveyer+.

im& -along

ed flow' For any i-th Section, perpendicular to the axis of screw conveyer,

nverter). at zero angle of attack there is valid equality

tgp,1  . (7.161)
nedQ

rough By substitution of expressions (7.161) into equations (7.157) and

igle of (7.158) we obtain

In /=0; 12=0. (7.162)

Thus, at zero angle of attack a constant-pitch screw conveyer develops
hen head neither at steady nor transient conditions.

. 159) Variable-pitch screw conveyer

t is For variable-pitch screw conveyer, when

PM;. F ,: /2. t F ,.1 (7 16 3 )

.160)

it is not possible to take integrals (7.15) and (7.158) in general

form. As experience shows, the values of these integrals with

sufficient accuracy for practical purposes can be determined b y,

numerical integration by the method of mean AS for sections:
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, o ~ ~A-; ' F 'jsin f . s
i-I

,ID, dn
60 C~p3~ d- (7.i64)

Similarly for the second integral where

J- th

-scos;.LpJ dO 0.5 th
Q ,.' " (7.165)

i-IFM /~p

The curvature of channels of screw conveyers in existing pumps is

small, not exceeding magnitude

8---- -- "  15.  convey

The vanes of variable-itch screw conveyers are profiled usually

by the method of arcs of circumferences, at which the change of the

magnitude of center line angle of the vane along its length occurs

accordin'g, to linear law

where
--'--const. ( 7.166)

The law of change of the active flow area in the meridion

section along the length of' the screw conveyer channels in this

case can differ from linear because of the different thickness of

vanes. Usually this difference is not substantial and it can be

disregarded.

The remarks made allow substituting the current values of

Fm4 and anp" in expressions (7.164) and (7.165) without large

error by their mean values, assuming that the laws of change of

F . and s along the length of the channel Z of screw conveyer
Mj n.p J oc

are linear. Then expressions (7.164) and (7..1.65) will take the form
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-= (Q'' -t 'fwcp ,  n "'w n 07, (16 7)

1'-p. n 0- d.I- (7.168)

where 8 .3H - equivalent, vane angle of screw conveyer:

i.9,,P+arctg -; (7.169)

8 - the screw conveyer vane chord angle; f - deflection of vane on

(7.165) 0.5 the length of chord L.

7.20. Theoretical Head of Screw Forepump for Transient
pumps is and"Steady State

The expression for theoretical head of a variable-oitch screw
conveyer in transient mode [equation (7..155)'] takes the form

iled usually H'.--Ao 2 - B n - E+ ! d -

ge of the 
Q (

vh occurs o N; a (7.170)

where
(7.166)

1idion Ao
.1600in th sB nDp

ckness of 60F2Mwt9 ;
t can be Eo =D Pmm.pcpsin%.,.

rOLcpsin3,o (7.171)
F= i0 tg ..,

ues of 0  DpLcpsInpA.

t large

ange of N 0  C(S L.s*ic

:few conveyer

.ake the form
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.7.21 Hydraulic- Losses of Head in Vane PUmps-
3 3!.

We distinguish- the following types of hydraulic losses In v'ane"

pumps:

1)- hydrauli-c friction losses;

2) losses connected with conversion or dynamic head into,

static (channel exit conicit'y losses); :, I

3)' hydraulic shock losses in the presence of leakage of flow to

impeller vanes and with exit from impel'1erl

73)'
The first two types of hydraulic losses are observed during

74) operation of a pump both at design ahd :at partial load conditions.

The numerical value of these losses is-.pkoportional to -the square of

teady the relationship of current flow rate to design, cbrresponding to

shock- free, i.e.,

Ahl.2 o Qi 20/ (7.17)

75) The third type of losses is characteristic for partial

load, conditions. The amount of hydraulic shock losses is proportional

to the square of the difference of design and' current values of

flow rate, i. e.,

QSL • (7.178)

I !

According to such a presentation the hydraulic shock losses in
design condition (Qi = Q p) are equal to zero. In partial I6ad

76) conditions the hydraulic shock losses depending on the magnitude

of angle of attack can reach large values.

It is known that a constant-pitch screw conveyer develops head'

because of the presence of the angle of attack. The following optin~um

values of angles of attack of vane pumps are established experimentally:
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-_A

'Constant-pitch screw conveyer

For constant-pitch screw conveyer 
Weus

pumps-:

.. t~p.;= ,(t .l.t2)
2)

static (c

where S - pitch of'helical line. of screw conveyer. Integrals

(7.157). and .(7.158) areequal to 3)

S(.7impellerI /Qa F,.Zo . , .€)d.(7.1,73)

The
.3!2&D) n .2D P4 I. dG" (7.174) operatio

" 60 6' F,,,,,,2/ ,d-''""

The nume

The theoretical head of constant-pitch screw conveyr .at steady the rela

and transient conditions [equation (7. 55)] has the form shock-fre

.- A- n' +(Fo -Fo --n

S, T7.175
GOQ dT load cond

where to the sq
flow rate

o-0=- Accc

-'? .Fm design cc
00 (7.176) condition

of angle
CO

0 4= .. L. osIt :1
60S i

D l because
- S2 " v alues o
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I I : I I

a I -aI

IIA

. 'l

onj
for costant-pt-Ch screw conveyers : = 56 +-  

a

to t

.for vakiable-pitch ,screw, conveyers i, 1 -30,
I * I'

for centrifuial pjmps' i ' 60-12P,.
:! f Lt.

a ! al

The- existing methods of calculation! of hydraulic losses in' pupps
give the possibility of obtaihing-analytical expression* for determina-

tion of ,actual head,.characteristics under. steady state, which provide
* accuracy acceptable for practical pmrposes:

a gree

j It is estab lished that losses orl hydraulic friction against . liq

walls of the flow 'passage bf 4 pump are not the determining among peri:

other types of losses. The flow, in impeller channels of a, vane sect

j pumip is essentially nonuniformi due, to 'which cpnsiderable losses of law

energy take- plane. Furthermore, as a result of the effect of a sup
- finite numb.er of impeller vanes, the liqui'd enters the outlet device f'lo--

after exiting the impeller chapnelsby portions. There occurs exchange c av

by pulses, of parficles of liquid of different energies, which is the

&companted by subs'tantial losses 6f head. The feed admission

especiai .y Shows up under qpnditions of the small pump capacities.
Sllydraulic losses in the outlet devices of vane pumps dre the determining :vel

among other types of losses. pre

7.22. Model of Motion of.Liquid in the Elements'of the Hydraulic Passage

of Screw Forepump
Sare-,

Thd hydraulic, passage of a- screw forepump, consists of the
following basic elerients: a

* wltq

impelldr (screw convyer); ' ,
L,+ , whl!

- inlet deyice; ,
Ia

- outlet device;

a - hodsing of forepump.

I31
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The impeller of forepump with x vanes can be made both according

to the law of forced circulation

(const, (7.179)
r

and according to the law of natural circulation

s in pumps

r determina- Cur-const. (7.180)
ch provide

In axial-flow impellers,'made according to law (7.179), the

greatest values of peripheral and relative velocities of motion of

ainst, liquid in impeller channels and past the impeller take place in

among peripheral layers, where static pressures are maximum along the cross

vane section. Consequently, in axial-flow forepumps, made according to

.osses of law (7.179), a mechanism is automatically created for cavitation

of a suppression in -peripheral layers of liquid (both in channels of axial-

t device flow impeller and at some distance after exiting it). For reliable

urs exchange cavitation suppression in screw conveyers it is recommended to increase

ch is the cascade thickness to values T = 1.8-2.3.

ion

cities. In axial-flow forepumps, made according to law (7.180), the liquid

ie determining velocity reaches the greatest values on the impeller hub, -where static

pressures are minimum and the danger of cavitation stall of such

impellers is considerable.

Inlet device is made with arbitrary change of the cross-sectional

area along the length of the passage.

the

The motion of liquid in the inlet device can occur both

without entry spin of flow, when there are no devices for flow spin

(C 1U = 0), and with entry spin, when there are special devices,

which create spin (C1 U 1 0).
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Outl et ,devic is made either in the form of a smooth-wall

cylindrical tube , in which liquid ,moves according to the law of

natural circulation, or represents asection with variable cross-

sectional area and local resistances, Intended for decrease of intensity impel

of counterflows. The law of natural circulation in this case is

Of in the
not fulfilled.

The housing of sarew forepump is made in accordance with the shape

of the generating line of screw conveyer and can be cylindrical,

conical, .stepped, etc.

At transient operating conditions of the forepump the distribution forepi

of pressures and velocity fields in, every section of the, passage

varies with time, which substantially hampers computation6.

Therefore, the calculation of hydraulic losses in the flow passage of

screw forepump in transient conditions is performed in quasi-stationary

formulation.

Figure 7.6 shows the diagram of motion of liquid in screw where

conveyer channels. The exit vel6city triangles are combined with inlet

velocity triangles.

conve

Pl Fig. 7.6. For calculation
of screw forepump. where

chann

D cA where
£ |~A - ~of Va

diame
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7.23'. Calculation of Hydr~ulic-Losses
in Screw Torevun.,,

fi

The losses of head In the-forepump are made up of' losses in,- the
intensity impeller (Ahps,,), losses in inleit (Ahat) and outlet (Ala311 ) devices and

,is In the housing (Ahm)- of forepump:

(7. 181)
the shape
1, Hydraulic' losses in the impeller

The -basic types of hydraulic losses of head in the impeller of
tribution forepum; are:
*ge

a), hydraulic shock losses, proportional to quantity AF:
isage of
3tationary.al=1(U n20-2C.snp op+Cco2 sn~-U 1 i ~cs~ ~cs ) (7. 182)

w where C Y - coefficient of hydraulic shock losses;
ith inlet-

b) losses on secondary longitudinal motion of liquid in screw
conveyer channels, proportional to quantity FM=AWcosA.,:

2,ji L- (COS? 5 -2U CI AOS+jj1 COS2 A) (1 .183)

where -coefficient of losses on -secondary flows in screw conveyer

channels;

c) hydraulic friction losses,:

Ah3=~c~pWC2P(7-184)
D,.. 2

where E coefficient of hydraulic friction losses; L -lengthcp
of vane along the average diameter of screw conveyer; D rw -hydraulic

diameter of screw conveyer;
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d eldy formation J..cites: where taxI res 1st ar
Ah 4 gga, P(I- nL2 i 2, (7.185)

~where -ta -coefficient of eddy formation losses;
Th(

e), exit conicity losses-'of screw conveyer channels: for
variab4fe-pitch screw conveyer I1

Ahs=~4~(F ~G12n sin 7186)

where & - coefficient of exit conicity losses of screw conveyer
channels;,for constant-pitch screw conveyer (under the assumption
of Fjm= F2"jw)

Ae0'(7. 187) Thus,

Total hydraulic losses in the ~screw forepump Impeller are

obtained by summation of the separate types of losses:

(7.188)

Th
Hydraulic losses in the inlet device tion of

of screw forepumpI

The main types of losses in the inlet device are:

- hydraulic friction losses; or by S

- losses on overcoming local resistances.

IrThus,
relatic

C2

Dr, 2 (7.189) hda
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Where , ,r - coefficients of losses on fTriction and overcbming local
resistances respectively; D,,, - hydraulic diameter of inlet pipe.

Hydraulic los ses in the outlet device
of screw forepump

The main types of losses in the outlet device are:

r
- hydraulic friction losses;

.186) - losses on overcoming local resistances;

- losses on compression of vapor-gas volumes;yer

tion
- losses on mixing of Jets of various energies.

.187) Thus,
ism CL% ct..

Dr.,u cox a2 _+ t.- +Ak. +-AhCH. (7.190)

7.24. Actual Head of Screw Forepump for Transient

.188) and Steady Conditions

The actual head of vane pump is determined either by multiplica-

tion of theoretical head by the hydraulic efficiency of the pump

H=H (7.191)

or by subtraction of-hydraulic losses in the pump from theoretical head

H = t - . (7.192)

In the first case it is necessary to obtain the calculation

relationship for hydraulic efficiency, in the se-hd - for total

.189) hydraulic losses in the pump.

318



We will use relationship (7.192).. and

The expressiofi for actual head of screw forepump in transient

and jteady states is obtained by subtractipn .of total hydraulic

losses taking into consideration dynamic phenomena in 'inlet and outlet whe

devices of forepump from the equation for theoret'al head of scdrew

conveyer (,7.170) or (7.175): Qi

'H; ( IV ~- ) '(7-193)

LA2

where

gas

A ~Db2  C 4- I as
A a7

F ,w tg ,r p of'

__ y __ .- LGC :ea.1200S. (71914)

• rea

flo

Coefficients 1i, ., t are determined by calculation with insertion thi

of coriections for agreement with experimental data.

For steady state the pressure of screw forepump- is determined from que

equation (7,.'193) at condition to

bei

dr dc

and in coordinates L -2.) is written so: we

rin

Hu,~ 2 ~ Df __ I Q2 hou., = t2 (7.195)n2 q P-- " M;Ut1'1Ap n F" lu tg 8.,.p n2

or

& Q r)

fi2' P F~2 1 (7.196) o
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'and in coordinates b(q) is. wri'tten so:

ent (7.197)

1, outlet where H L- coefficient of forepump head; q=- .- flow coefficient;

crew

n= - capac!'ty at zero theoreticalhead of screw forepump.

C. GAS TURBINE OF TURBOPUIEP UNIT
193)

7.25. Determifnaition of Turbine Power

In liquid-propellant rocket engines single-stage and two-stage
,gas turbines are applied. In powerful engines, made open configuration,,
as a rule action two-stage turbines are applied. In low-thrust engines
of this configuration single-stage turbines are applied.

194)
In engines with turbogas afterburning single-stage axial-flow

reaction and centripetal turbines are used.. In certain cases axial-
flow action single-stage turbines, are applied. Efficiency of such
turbines is not high, however,, in configurations with gas afterburning

sertion this does not lead to lowering of engine thrust.

Many works have been dedicated to the detailed examination of

ined from questions of theory of turbines. Within this book we will be limited
to examination of the derivation of equations of power and moment,
being developed by one stage of an axial-flow turbine .

With derivation of equations of power or m6ment of the turbine
we consider the design features and operatingccnditions of nozzle
rings, rotor wheel vanes, friction between turbogas; the wheel disk and

195) housing walls, discharge conditions of turbogas from'the housing, etc. t

Initial relationship

.196) The connection between power, developed by the turbine, and
moment on the shaft is deteridned by known equation
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C
(7.;,198) smalle

*by coe

Under steady state conditions on the turbine shaft depending on

power, transferred by turbogas to the rotor blades of the turbine, it

is determined' by formula

(7.199)

where 1i., - efficiency coefficient, considering the losses appearing where

during transmission of power from blades to the shaft, namely: losses betwee

on friction of blades and disk against turbogas, located in the turbine radius

housing; losses caused by parasitic circulation and turbulent motion

of turbogas between the disk and housing; mechanical friction in L

bearings and sealing devices, etc. walls

by tur
At nonsteady state instead of relationship (7.199) we will have the cc

be cha

M, = N_(;--,4rAC,, (7.200) along

where mr - mass of turbogas, flowing along the internal cavity of the T

turbine; C - averaged value of acceleration of m6tion, of turbogas;

* rz -averaged value of the radius of wheel blades.

The last component in relationship (7.200) can be represented by

sum:

ntra.Cr= nCrc €. m..C, + MKr, .  (7.201) Here P

In the right side of equation (7.201) the addend characterizes the ci

the effect of inertness of turbogas moving in nozzles,, the second to r;

component - reflects the inertness of turbogas in the interblade

channels and the third component - in the turbine housing.

where
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Calculations show that the third component in equality (t.200) is
L98) smaller than the second. Considering the inertness of turbogas, flow

by coefficient gr, We obtain.

Lng on '(17.202)
ine, it

The moment on the turbine shaft can be. calculated by formula

199) M-=PUrA.?I. (7.203)

earing Where PU -,peripheral force, appearing as a result of interaction
losses between turbogas and rotor wheel blades; r1 - average value of

e turbine radius of interblade channels.
motion
in Let us examine- the interblade channel, limited by two blades and

walls of the rim and disk. With flow about the profile of blades
by turbogas there is revealed an uneven pressure field, acting both on

1 have the concave side and the back of blades. The amount of'pressure will
be changed along the length of the blade (i.e., along the radius) and

200) along the length of the interblade channel.

of the The moment on blades, calculated for one channel,

bogas;

I"' ~S p,, (r, 1) cos % (r, 1)] rd rdl -

rited by ,
- ! p,(r, 1)cos 1% (r, 1)] rd rdl. (7.204)

201) Here pM(r,1) - pressure, affecting the concave side of the blade;

- angle between the tangent to the considered blade and tangent to
rizes the circumference of radius r, measured in the plane perpendicular

.ond to r; r,, ra - the smallest and largest radii of interblade channel:
de

r2-rl =h,

where h and I - height and length of interblade channel.
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The second term in the right side -of equation (7.204) charaC--
Lzes the magnitude of moment on the blades, caused by the action or,

turbogas on the blade back.

The amount of moment M 8, will depend on the location of the

considered interblade channel relative to the turbine nozzles,

consequently, M.,(4), where y -- angle of rotation of rotor wheel,

which characterizes the place of the location of the considered

interblade channel.

Thus, the moment on the shaft
De

M= (7.205)

More precise research of the process of appearance of the moment on 4
the turbine shaft requires the use of equations (7.204) and (7.205). wh

For determination of NT when' performing engineering calculations we ch
use formula '(T. 203). -

Determination of peripheral and radial forces,
affecting the blades

In the flow area of a single-stage axial-flow turbine the element

of mass dm of turbogas moves with speed C. If the average pressure C2 04

along the section of flow at the interblade channel inlet is equal to

the exit pressure, then

dPdt=d(Cdm)', (7.206)

where dP - elementary force of action on blades; dPdt - elementary

force pulse; Cdm- momentum of elementary mass; d(Cdm) - change of

momentum
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Under steady state conditions

AiarActer-
=iG= coust,

tion of d

consequently,

f~thedPi OdC.

eel,

red By integrating, we obtain

P= GdC.

In the direction of motion the blades will be affected by

Deripheral force

(7.205)-

P,~ GdI (6 Co~s a), (7.207)
oment on

(7.205). where a - the angle of direction of motion of turbogas in interbiade

tions we channels.

The axial force, affecting the blades,

Pla SGd(Csifla). (7.208)

the element The right side of (7[.207) should be integrated C1 Cos a, to

pressure C 2 Cos a 2 (Fig. 7.7). Having completed integration, we obtain

s equal to

PU G (C COS al + C2 COS 2). (7.209)

(7.206) P

ment ary W: ig. 7.7. Trhe velocity
U U triangles for the flow

Cacosecoof area of a turbine..
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Derivation of the working formula for detArmination
of turbine power Th

By using equations (7,199) and (7.203) for determination of

power on blades, -we .obtain
where *

N,(Pur,. (7.210) o - 0

Whence the power on the shaft "No

(7.211)

By substituting here the value of peripheral force, which affects

the rotor wheel blades,, from equation (7.209) we find
If

N,=tr,(Cj cosa,-1-C 2COS 2)GIa.,. (7.212) we take
the for

For -further conversions it is necessary to know the motion of
turbogas in the flow area of interblade channels. As an example let

us ,examine the results of calculation, Presented in the form of

velocity triangles in Fig. (7:7), whence it follows that where

C2coiU2= W2cosP2-Wr.. (7.213)

The relative exit velocity of working medium from, the- flow area of
interblade channels

W2=4 VF -- W2-w, (7.214)

qhere ,J coefficient, c6nsidering losses in initerblade channels; The

- heat drop on the turbine; p - the degree of reaction of blades;
W- relative inlet velocity of working medium into the flow area

of the turbine.

From velocity triangles it is evident that

i W I W ,= C co aj _ r,
cox " (7.215)
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The discharge velocity of turbogas from nozzles

of C = T 2AI,+CL(7T.216)

where 0 ~velocity coefficient, which characterizes losses in nozzles;

.210) A - polytropic change of heat content of turbogas in nozzles.

Now Instead of equality' (7.212) we will have

.211) No~f~o a/4+~

af fects --.o y Cos V IT. (727

If for all parameters, which enter (7.217), besides w and G
.212); we take- their average values, then the formula of 'power is reduced to

the form

on of
pie let N7 (-ww,(7.218)

of
where

.213)

A=r,[coa ?CSV&1/' +03 +' COSP 2 X
ea of / cVA+2r~2

XV 2H - Cos~~ / (7.219)

.2141) B~r1? (7.220)

els; The flow rate of turbogas under steady state conditions

lades',;

area 6= a T

GP 1. (7.221)

.215)
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I Here ZF,., - the total throat area of turbine nozzle rings; R, T?, Ny

.paramneters of turbogas before the 'turbine nozzle ring Inlet;.

a= 2j~ V2 R7~ (7,222)

where nt politropic index.
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SECTION III

POWER PLANTS 7
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C H A P T ER •VIII
chan

OPERATING CONDITIONS AND CONFIGURATIONS OF 
syst

POWER PLANTS of p

8.1. Engine Operating Conditions
syst

The third section is dedicated to examinationof some questions,

which characterize the interconnection of processes, proceeding in

the combustion chamber and in units of the feed system. fuel

duri

It is possible to distinguish three characteristic operation of V;

conditions of an engine: starting, operating conditions and shutdown. optil

In fulfilling these conditions both the combustion chamber and units optil

of the feed system take part.

Starting is the complex combination of parallel and series executed

operations. These include preparation of tanks and pressurization

system, actuation of valves, filling of lines by propellant components,

ignition, rise of pressure in the chamber at variable operation

conditions of turbopump unit and the character of motion of liquids of a

in flow passages, etc. RKS J

with

'Starting is considered according to data of a manufactured or valuE

designed engine and with consideration of the features of its

operation.

compu
quant
obtai
[67].
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Starting is considered with the aid of a system of ordinary

differential equations on analog or digital computers.' In a number

of organizations engineering methods of calculation-have been develope,

and standard'programs compiled for digital computers. The running of

a number of programs, terminating in engine starting, is called engine

starting.

Under engine operating oonditions the engine parameters are

changed under the action of commands, proceeding from the ,.ontrol

system, under the action- of external factors and because of executioih

of programmed control.

Modern engines are equipped, as a rule, with a tank emptying

system (SOB) [COB] and an -apparent speed regulator (RKS) [PHC].

estions,

ng in The SOB can be analog or digital, moreover the most complete

fuel consumption will be under the action on the part of the SOB

during the entire period of operation of the engine. Under the effect

tion of various actions the component ratio deviates with time from its

shutdown. optimum value, in this case the SOB on the average provides the

ci units optimum value of component ratio, i.e.,

es executed -. ( K

ation 
0

omponents,

on Depending on the accepted program of change of flight velocity

iquids of a rocket and the action of disturbing factors of the system the

RKS feeds commands, as a result of which the engine thrust, varying

with time, brings the apparent velocity of the rocket to its programmed

ed or value.

'Calculation of engine starting with the aid of "Strela" digital
computer was performed by the author in 1955; despite the limited
quantity of utilized differential equations it was possible then to
obtain good agreement of calculation data with results of flight tests
[67].
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The actual velocity of the rocket
tion

Somet

V= 'Vdi; our I
the 

p

apparent velocity
pulse

for e

.atten

In some engines, cruise condition control is carried out by a

-system, which includes--specialized computers.

Calculation, ok engine under operating conditions is performed press

with the aid of algebraic aiidodifferential equatiohs,.which describe made

the processes in the combustion chamber.and in elements, of the feed relat

system. tion

rocke

Depending on the type of equations and ,the goal of research we combu

use analog or digital computers. The first are applied when processes in th

are described with the aid of ordinary differential and algebraic chamb

equations., The solutions are obtained in the form of charts on appro

oscillographs, tables or the course of solution is seen on the screen towar

of an oscilloscope. When using analog c6mputers it is possible to loade

easily change the values of coefficients 6f equations and look over

many variants for a short time.
chang

Digital computers (TsVM) [Q8M] are suitable for investigating of us

and both ordinary differential equations and equations in partial are n

derivatives. The accuracy of computation is great, but during-prolonged equip

computation the error increases in time so that sometimes even .the where

stability of computation is lost. the q

low p

3
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The accuracy of calculation does not only depend on the perfec-

tion of approximate mathematical methods and computer technology.

Sometimes the degree of perfection of the basic mathematical instrument,1
our inadequate knowledge of the processes themselves, proceeding in-

the-power plant, have decisive value.

The process of engine shutdown, determination of aftereffect

-pulse and its scattering are examined in a number of works, (see,

for example, [15], [64)), therefore only the minimum-necessary

attention is given to this question in the book.

8.2. Configurations of Power Plant.

a
Figure 8.1 depicts the configuration of an engine with tanks,

loaded by highpressure. The feed system of such an engine Is called

med pressure, gas pressure or loaded. In the examination of engines,

cribe made in the considered configuration, it is established that the

feed relative engine weight (the ratio of the weight of the engine construc-

tion to the weight of propellant, which burns up-during the time of

rocket flight) sharply increased with increase of pressure in the

h 4we -combustion chamber. The relationship of relative weight to pressure

ocesses in the chamber has asymptotic character: as the pressure in the

ic chamber approaches pressure in the accumulator the relative weight

approaches infinity. In connection with the contemporary tendency

screen toward increase of pressure in the -chamber the feed system with

to loaded tanks is not promisingfrom this viewpoint [4,1, [15].

over
Calculation' show that the relative engine weight is little

changed with increase of thrust; with increase of rocket size, mass 4

ing of useful load and flight distance the weight qua7ities of the engine j
al are not improved. Consequentlyi it is most expedient to apply engines

prolonged equipped with feedsystems of the considered type in stand devices,

the where the relative weight is not the criterion, which characterizes

the quality of an engine, and also in small rockets, at relatively

low pressure in the combustion chamber.
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fron

Fig. 8.1. Diagram of liquid-propellant rocket sta-
engine with gas pressure feed system.

Dur

of I

froM

stan

or w

test

rece

benc

proc

for

rocki
The specific weight of the engine (ratio of engine 

weight to
prop,

thrust) and relative weight are used when determining the qualities 
In t

IV and the" degree of perfection of the power plant. Bench tests differ smal:
from flight tests by the intensity of the action of external mass

forces (under bench conditions V = 0), Oy the. rigidity of connections genelocal
between the power plant and elements of the stand, by the different

somev
operating conditions of SOB and RKS. in t

to al

When testing ant engine under bench conditions several configura-

tions are applied. .In one case the tanks, pressurized system and

connection of tanks to pumps (or to the combustion chamber) are main
carried out the same as in a rocket and then the results of bench tests

exai
should correspond to the expected results of flight tests to the examl

greatest extent. However, the building of such a stand and its cons
of th

operation are associated with considerable difficulties. of th
chamb
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In another case the stand has its own stationary system of tanks,

lines, -and tank pressurizing system. Here bench tests will differ

from flight both at starting and,at operating conditions.. Starting

will not correspond to flying ifonly because the inertness of the

stand hydraulic lines, as a rule, is higher than for the rocket.

During starting and under operating conditions in the inlet system

of lines of the stand there will appear wave processes, which differ

from those observed in the rocket.

For the purpose of approximation of starting of the engine under

stand conditions to flight conditions we apply stands with receivers

or with continuous flow tanks. However, here the results of bench

tests differ from flight. As practice showed, with the presence of

receivers it is not possible to obtain agreement of curves pK(t) in

bench and flight tests during the entire starting period, and wave

processes on the stand frequently differ from th6se characteristic

for flight conditions.

Figure 8.2 depicts the configuration of a liquid-propellant

rbcket engine, equipped with pressure feed system, but with liquid-
t to

propellant pressure accumulator of liquid-propellant rocket engine.lities
iffer In tanks with basic component reserve G and G there are locateddiffer1 2

small combustion chambers - generators 2. Fuel is forced into these
mass

generators from auxiliary tanks 3 with the aid of cpmpressed gas,nettions
located in bottle 1. The weight characteristic of such an engfne is

lerent
somewhat better than shown in Fig. 8.1, however for heavy rockets,

in the chambers of which high pressure prevails, it is inexpedient

to apply a pressurizing system with liquid propellant accumulator.
nfigura-

and
The sequence of operation of the automatic equipment of the

re
main engine lines here in principle does not differ from the case

ench tests
examined above. The automatic equipment of the engine should provide

the
!is constant (nominal) pressure in tanks after the start of operation

of the engine and maintain the required pressure in the combustion

chamber.
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propellant rocket engine with liquid
uel pressure accumulator: I -bottle with compressed gas; 2 -
liquid fuel accumulators (generators);

/ -fuel tanks of generators.

When designing th6 construction of'-hydraulic passages of engines, (Fig.
* it is also ecessary to provide values of hydraulic loss coefficients

gas gal, a2 and mass coefficients bI and b2, so that the component ratio

of propellant after engine starting would be maintained optimum,

providing, the greatest reliability and the proper economy. engir

of ea

Figure 8.3 shows the configuration of an engine, equipped with P

thrbopump unit 4 and generator 3, operating from monopropellant G peri

4 direc(hydrogen peroxide) turbogas 3 . To such a configuration was made dire€
t urb i

rocket engine "Fau-2." Research of the considered engine configura-

tion showed that with increase of pressure in the combustion chamber pump
inst

to comparatively high values, the relative engine weight is decreased.

Further increase of pressure in the chamber leads to some increase of

relative weight. With increase of thrust the relative engine weight

is decreased.
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d Fig. 8.3. biagram of liquid bipropel'lant
rocket engine with turbopump unit and
single-componeit gas generator: I -

" bottles with compressed gas; 2 -,fuel
tank of gas generator; - gas generator;
4 - turbopump unit.

In -the process of further perfection of the engine configuration 1
)ngines

Icients(Fig. 8.4) the pressure feed of propellan t (third component) Into the

gas generator,.was replacedby pumping. This led to~a small improvement

of the weight parameters of the engine. The starting time of such

engines is somewhat longer than for liquid-propellant rocket engines

of earlier described configurations. In the case of preliminary

spinup of the turbopump unit shaft the starting depends onthewith
peripheral velocity of the third component pump shaft, being changed4 directly proportional to the peripheral velocity of rotation of the

maginturbine shaft. For boosting the acceleration of the third component

Igura- Spump between the turbine and pump shafts a special starter can be

ehieassoehtlngrta orlqi-roelneocernie

Installed,.creased.

ease of

weight
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a. a

Fig. 8.4. Diagram iiquid bipropellant
rocket engine with turbopump unit and
,single-component gas generator: I -

" bottles with compressed gas; 2 - fuel tank
of gas generator; 3 - gas generator
4 - generator pump_; 2 - turbopump unit.

J

* ~5

From economic and operational considerations we found it more Of t!

expedient to use the basic propellant components for feeding the gas turbJ

generator. Figure 8.5 depicts the configuration of an engine, whose from

turbine working medium generator G3 operates on basic propellant is uz

components G1 and G2 . If turbine exhaust gas is ejected into the in li

atmosphere or burns up in small auxiliary chambers, then the feed of opere

propellant components into the generator is carried out by the main

pumps, moreover the bleeding of propellant is accomplished past their

exit throats. If it is proposed to burn up exhaust turbine gas in chamb

the main chamber, then between the main pumps and the generator there actua

are installed pumps of the second stage - for additional increase of 8.6 s

pressure. More modern configurations of power plant are also possible. ted b
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t ,Fg. 8.5. Diagram of engine with turbopump
unit and gas generator, operating onthe
basic propellant.

tank

t.

'Figure 1.2 shows the configuration of a power plant, in which one

more of the components almost completely enters the gas generator of the

turbine. There it is gasified and preheated, enters the turbine andthe gas

., whose from its flow passages - the combustion chamber. The §.econd component

ant is used for cooling the combustion chamber and enters the chamber

the in liquid state. The power plants, made to such configurations, can
2

feed of operate economically at pressures on tne order of Oi-0.3 MN/m

ie main

ist their It is possible to feed both components into the combustion

as in chamber in gaseous form (see Fig. 1.3), moreover each component

tor there actuates its own ,turbine, which revolves one of the pumps. Figure

ease of 8.6 shows one of the possible configurations, developed and investiga-

possible. ted by the author in 1951.
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Fig. 8.6. Closed configuration of liquid-propellant rocket engine
"gas-gas" with .two turbopump units and with afterburning of turbogas
in the main combustion chamber: 1, 9, 10 --InJctor.; 2, 7 -- lines,
connecting the pumps with the chamber;. 3 - throttle; 4-- line feeding and
component to generators; 5 -pump impeller; 6 - two-component gas elem
gefieratqr; 8 - turbine of turbopump-unit; 11 --combustion chamber.

-and

8.3. Engine Starting and

and

Here is understood the totality of transient intra-engine the

processes, which proceed in the period of acceleration to the thei

prescribed amount of thrust, close to stationary. peril

i.e.

This idea encompasses the behavior of the whole series of pres:

units and their parameters in the starting process, but in the final valui

analysis it is extended to the greatest degree to change of pressure of t)

in the combustion chamber and, as a consequence, to change of thrust.

However, the change of thrust, although it is the basic index

of the starting process,does not always quite fully characterize it,

so in most cases for analysis of the starting indices it is necessary

to resort to-utilization of intermediate parameters, which directly

and indirectly reflect the internal power engineering of the engine.- pass,

The starting period is characterized by a large variety of processes whict
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and- their interaction. The operation of the units can proceed in

little studied areas of characteristics, substantially deviating from

design and possessing large instability.

It is accepted to unite any deviations of characteristics of

structural elements, which lead to corresponding-action on the starting

characteristics, under the idea of,"internal factors." In turn, the

idea of "external factors" involves deviations of external medium

from standard (or accepted as standard) conditions and deviations of

a number of parameters, which are inlet for the engine, from nominal

values.

engine
f turbogas Internal factors should include the temperature of components? - lines,

Lne feeding and construction, inlet starting pressures, operation conditions of
nt gas elements of automatic equipment, internal mass forces, structural_hamber.,

and technological features of the units.

External - include temperature, ambient pressure, external loads

and external mass forces. Of course, the temperature of components

and the construction also depends on the ambient conditions, therefore

gine the given classification is arbitrary to some extent. Criteria of

the the quality of occurrence of intra-engine processes in the starting
period from an energy point of view are the time of acceleration,

i.e., the time of establishment of the prescribed value of thrust or

s of pressure in- the .c6mbustion chamber, and the provision of optimum

the final value of integral specific thrust during the entire starting period

f pressure of the engine, i.e., quantity

of"thrust.

ic index o pdt.

cterize it, 0

.s necessary

directly The time of acceleration consists of the time of filling of

,he engine, passages with components from starting valves to firing units, durin-

processes which there is still no acceleration with respect to thrust, and the
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time of self-acceleration from the-beginning of the processes of I

ignition and burning to the achievement of the prescribed thrust resist

condition. variou

The filling time is determined by inlet starting pressures, T

the geometry of fuel feed lines, adjustment of passages and by the and in

combination of parameters of local hydraulic resistances with part o

characteristics and the operating conditions of starting units and unstab

elements of automatic equipment (regulators, starter devices, pumps tions)

and others). mode i

Thism

The self-acceleration time depends on the internal energy resources pump w

of the engine and conditions of their realization, which, in turn, for a

depends on the engine configuration, chemical nature and activity of -

components. T

flow o.

So, for example, if in an engine with pressure feed system the occurs

acceleration time is caused to a considerable extent by the inertness is chai

of liquid in fuel feed lines, then with the turbopump fuel feed system

this component ceases to play a noticeable role in the shaping of the Aj

starting process and the determining parameter becomes power oft the accele2

turbopump shaft in the acceleration process. the prE

automat

Several programs of engine starting are possible. In certain favorat

cases it is expedient to first perform starting of the turbopump

unit,,and then open the engine starting valves. Two-stage (or multi- T

stage) acceleration conditions of the turbopump unit are possible. united

The main fuel valves can be opened approximately simultaneously with

the start of acceleration of the turbopump unit. Depending on the T1'

operating conditions of automatic equipment and parameters of the of the

feed system starting is rapid or slow. In the first case pressure

in the chamber increases to its nominal value in a fraction of a Th

second, in the second - in several seconds. are det

power p
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s of' The pump, located near boundaries of small and large hydraulic

,rust resistances, operates in very severe and various conditions and at

various modes.

res, The pumping mode encompasses a rather wide area of characteristics,

by the and in the 'filling period with the absence of counterpressure on the

h part of the front of the moving liquid it becomes. an area of a very

ts and. unstable branch of the head characteristic (area of starting condi-

, pumps tions). The energy dissipation mode is a continuation of the-pumping
mode in the filling period at high inlet pressures and low revolutions.

This mode is temporarily observed also during filling of a rotating

gy resources pump with component. The energy dissipation mode is not characteristic

turn, for a number of contemporary power plant.

ivity of

The turbine mode takes place during-rotatioh of pumps by the

flow of components without a supply of energy from-the turbine which

em the occurs during-starting without the' use :of starter devices. This mode

ed system

ng of the After completion of the filling of fuel lines the stage of self-

on the acceleration is started, so the filling-period can be considered as

the preparatory stage, at which most of the commands are fed to the

automatic electrical equipment, by which tae creation of-the most

3rtain favorable initial conditions for self-acceleration is attained.

ump

i, multi- The complex of commands and the priority of their feed are

ible. united under the idea of the starting- cyclogram.

ly with

)n the The search of an acceptable cyclogram is one of the main steps

the of the firing part of starting.

Issure

f a The stage of self-acceleration and requirements, imposed on it,

are determined to a considerable extent by the configuration of the

power plant.
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In the configuration with pressure feed system, the character Logi(

-of starting essentially depends on the kinetics of ignition, the use and t)

j -inertial lengths of lines, ambient conditions. "Rigid" startings

-are accompanied by a "peak" character of change of parameters, which

leads to overloads. Measures for the exclusion of effects of the

external medium acquire the-primary role in the Isoftening of starting

(preheating of components, creation of prestarting pressure in the

combustion chamber, inhibition of components, etc.).

The startings of engines with turbopump feed system do not

exclude the effect of the enumerated factors, however they do not

come out already as determining; they become the energy levels of,

turbine and pumps. In this instance an especially large role is

diverted to different types of logical systems (regulators, programmed

throttling elements and others), with the aid of which it is possible

to actuate the internal power engineering of the engine. With the

aid of logical systems the intensification and softening of starting,

decrease of overspeeds and overloads of parameters are-possible.

In the limit, the development of a complex logical system is

possible, which would allow regulating the acceleration process.

Basic requirement, which is imposed on logical systems, is the

p
• providing of a high degree of reliability and stability of the

starting process with the worst combinations of disturbing factors.

Logical systems can be. designed on the strength of the principle

of the appropriate action on one or several parameters, moreover

.this action can be either controlling or limiting the growth of

the parameter above a certain limit.

The application of logical systems with controlling action is

limited to their structural complexity, by difficulties of their

development, by the variety of their operation conditions.
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kracter Logical. systems with limiting action are simpler in structural

, the use and they found wide application.

Lrtings

!rs, which

of the

f starting

in the

not I
do not

els of

)le is
programmed

s possible

ith the

starting,

ible.

tem is
cess.

the

the

factorf. 4

principle

eover

h of

tion is

their

344

I S



the posi

-evaluat:
studyinj

parameti

periphe

of genei

of the

CHAPT ER IX possibl

mtoleran,

GRAPHO-ANALYTICAL METHOD OF CALCULATION 
analytil

determii

9.1. Research of Operating Conditions 
circuit

of an Engine by Grapho-Analytical paramet4
Method be guidi

.Graphic or grapho-analytical methods of calculation have been

used long and rather widely in engineering practice.

Fil
The grapho-analytical method, examined in this paragraph [67], main hyi

permitsconstructing graphs, characterizing the connection between graph i;

engine parameters. In this case several calculation formulas and the oxi,

results from processing experimental data are used. The graphs are G2. Thi

constructed with the use of static equations, and therefore they from th

characterize engine operation, as if not having inertial- components. =fl(G1

As a result of such approach to construction of the solution, the be cons

time factor drops from calculation; it is always useful to preface experim.

the study of dynamics with examination of equations of statics. or acco

the cir
The grapho-analytical method of calculation of an engine is a

good supplement to known analytical methods. By providing sufficient

accuracy for engineering calculations, with noticeable distortions

of results of processing experimental data it permits performing

calculation in rather short periods, graphically representing the

connection between parameters during engine operation at partial where A,

load conditions. The graph-analytical method of calculation gives

i
3)15



-the possibility of preliminarily (only from the qualitative side)'

-evaluating the static stability of the engine and separate units,

studying the engine capabilities at considerable deviations of

parameters from their calculated values, evaluating the effect of

peripheral velocity of rotation of the turbopump unit shaft, consumption

of generation means and pressurizing in tanks at operating conditions

of the engine. With the aid of the grapho-analytical method it is

possible to. determine the effect of external influences and industrial

tolerances on the value of main engine parameters. The graph-

analytical method is used for calculation or investigation of a fully

determinate engine, for which there should be known the pneudraulic

circuit, the sequence of operation and the value of a number of

parameters. During discussion of the content of this section we will

be guided by the engine configuration, shown on Fig. 8.3.

been Hydraulic circuits

Figure 9.1 for an example shows the pressure balance in the
[67], main hydraulic circuits of the engine. In the right side of the

tween graph is plotted the relationship of change of engine parameters to

and the oxidizer consumption Gl, and in the left - to the fuel consumption

)hs arehe G2. There are plotted the relationships of hydraulic losses in lines
hey from the tank to the lower injector edge in the form of curves Ap=
onents. = fl(G' and AP2 = f2 (G2 ). The graphs of the examined functions can

the be constructed both by calculation and on the basis of processing

leface experimental data - by results of plant hydraulic pressure drop tests

:s. or according to data of firing tests. Total hydraulic losses along

the circuit
is a

ifficient

'tions 'A (9.1)
iing

the

ial where Api - losses of pressure in an element of the circuit.

gives
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Fig. 9.1. Pressure resul

balance in the main by 'th
hydraulic circuits of the
,engine.

The expression for determination of total hydraulic losses where

depends on the configuration of the hydraulic circuit of the

considered engine. For the configuration of oxidizer circuit accepted 1

by us curve:
tile t,

API AP6-,- +AP.i + APj- +Ap,, (9.2)

where AP-Hl - hydraulic losses on the section from the tank to pump;
where

ApHK1 - the same from the pump to -the chamber, but without losses in pressL

the valve; ApHnl - the same in the main valve; Ap I - the same in from t

the head and on injectors. We will consider that for the hydraulic nject

circuit of fuel

densit
AP2=AP6_,,2 j. AP-.2. AP"2+ APp2" AP42, (9.3) of gra

in the

where APnp2 -hydraulic losses in the flow passage of the cooling to a c

system.
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.On the same graph are plotted the head characteristics of the

pumps. They represent the relationship of excess pressure, created

by the pump, to the consumption of component, moreover each curve

pHl = fi(Gl) or PH2 = f2 (G2 ) corresponds to a certain value of

peripheral velocity of the turbopump unit shaft. On Fig. 9.1 for

each hydraulic circuit only one curve is constructed. In order to

get -the complete idea of engine operation at cruise conditions,

calculation should be performed at a number of values of w. The

head characteristics of pumps are constructed by calculation or from

results of processing experimental data. Excess pressure, created.

by the pump, is equal to

P.= p- . (9.4)

es where p- pressure at pum exit; P0 - pressure at pump inlet.

acdepted Figure 9.1 shows curves (( , H + p6 i) with respect to Gi . These

curves are equidistant with curve pH 'i (Gi).when reduced pressure in

the tanks does not d~peid-6-nthe consumption. We will consider that

(9.2)

P6=P.c+(PJ+P,), (9.5)

to pump; where p6.c - pressure in the upper cavity of the tark, created by the

.osses in pressurizing system; p. + pg - pressure of the liquid column, measured

1e in from the middle point of the liquid mirror in the tank to the lower

raulic injector edge.

Quantity pj + pg depends On the height of the column and the

density of liquid, the amount of'acceleration of flight, acceleration
(9.3) of gravity and the direction of flight. Reduction pressure can vary

in the process of flight. Therefore,, each calculation graph corresponds

ling to a certain moment of time of rocket flight.
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The equations ,of pressure balance for circuits will be written here n
so:

Th

P,=P, +P6,-AP,; (9.6) changed

P2=Pmi P61-ApI.(9)
Tb

results
Under etead-'tate conditions p1 and P2 represent pressures in can be

the chamber. Inasmuch as both hydraulic circuits feed the same quantit

chamber, p, should certainly be equal to P2 . This circumstance is hydraul

used for conducting further calculation. If on Fig. 9.1 we plot p1, the con

and P2 equal to the actual pressure in-the chamber, then by the graph the cha

it will be easily possible to find values G and G2 corresponding

to steady state. When performing engineering calculations for

construction of the graph, given in Fig. 9.1, it is recommended to

take a sheet not less than 500 mm in size. Scales G and G2 must be e

selected so that the length of the segment, which characterizes the between

oxidizer consumption at design steady state, would-be approximately the cha

equal to the length of the segment, which corresponds to analogous provide

fuel consumption. Fig. 9.

determi

Pressure in- the combustion chamber depends on the quantity of

propellant, which entered the combustion chamber G1 + G2, equal under

steady state conditions to the consumption of combustion products
through the nozzle throat, and on the ratio of specific pressure
pulse 8 to -the nozzle throat area F P, moreover

(9.8)

where R and T - gas constant and temperature of combustion products

in the engine chamber; a - function of politropic index;

2( )n (2,+\) (9.9)
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"ten here n -the averaged value of politropic index.

The specific pulse depends little on pressure, but is considerably

(9.6) changed with change of component ratio ki"
(9.7)

The parameters, entering formula (9.8)., are determined from

results of thermodynamic calculation, and the specific pulse pressure

s in can be determinedi furthermore, by results of firing tests, The

quantity of propellant, which entered the chamber, depends" on the

is hydraulic circuit parameters and the amount of resistance, shown by
V P1  the combustion chamber, and-the flow rate of gases - on pressure in
graph the chamber p, specific pulse 0 and the nozzle throat area F KP.

Combustion chamberto

st be Let us use the graph given in Fig. 9.1 to establish the connection

the between pressure in the chamber p and the inflow of propellant into

tely the chamber G1 + G2. Let us proceed with construction of the graph,

ous provided in Fig. 9.2. Let us take the right side of the graph from

Fig. 9.1 and for a number of randomly selected values of GI let us

determine the values of p,.
of

1 under

cts

re

(9.8) ,

Fig. 9.2. Relationship
•oducts of flow rates and ratio

of components to pressure
in the chamber.

(9.9)
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Inasmuch as -we are considering steady state, we should consider TJ

that P1 is p,," By plotting the values of G1 and values ofp, corre- Fig. 9

sponding to them on Fig. .9.2, we receive curve 1 with respect to, curves

p a perfect analogy to, but being guided by the left side of the equal

graph Fig. 9.1), let us construct curve G2 with respect to p K from t]

representing the-relationship of inflow of the second component into operat.

the chamber to the pressure in It. Now it is possible for any pressure for ca

to determine what the inflows of components into the chamber will be. of *P*,

of Fig

On Fig. 9.2 let-us note the somewhat randomly selected values by puml

of P " For each of them it is possible to determine the sum of calcul

G + G2 and by it to construct curve; G1 + G2 with respect to p, graph

which Will represent the relationship of the inflow of propellant turbop

into the chamber to. the pressure in it. shaft

and th

The next stage of calculation is reduced to determination of

ratio kI for the whole range of pressures in the combustion chamber.

For any artibrary value of pK we know G and G2 ; this is sufficient

for construction of graph k1 in terms of p K presented in Fig. 9.2,

on which for any value of pK we have the value of kI For construction
of the curve of relationship of the flow rate of gases G., escaping

the chamber, to pressure P K let us use known formula

G =TP . (9.10) where

rate p

compon
For a number of arbitrary values of p K by the graph of Fig. 9.2

we find corresponding kI1 Then by results of thermodynamic calculation A

or processing of experimental data for each obtained value of kI we revolu

determine the magnitude of specific pressure pulse. It remains to compo
select, assign or determine by measurement the nozzle throat area. ship o

Now for selected values of'pH the amount of flow rate of gas, escaping

from the chamber, is known.

351

Ark



ider The results of calculation-by formula (9.10) arepresented in

rre- Fig. 9.2 in the form of curve Go. At point a of intersection of

curves G + 02 and 0., the inflow of propellant into the chamber is 4

the equal tothe flow rate of gases (the combustion products of propellant)

from the chamber. Therefore, point a corresponds to steady state of

into operation of the engine at rpm of the turbopump unit shaft selected

ressure for calculation. In the conclusion of calculation we find the values

"be. of NPz, 6l, G2 and A,. Inasmuch;as Ol and are known, by the graph
of Fig. 9.1 we find the hydraulic losses, and excess pressure, created'

es by pumps, corresponding to the selected rpm. Having completed similar

calculations for other values of rpm, it is possible to .c6nstruct a

graph of the relationship of found parameters to the rpm of the

t turbopump unit shaft. In order to determine which revolutions of the

shaft are operating, it is necessary to calculate the turbopump device

and the generator.

f
fber. Turbopump unit

tent.

.2, It is known that power, required by the pump, is equal to

ruction

ing N P. i., (9.11)
Q1(9.11)

9.10) where P. -excess pressure, created by the pump; Gi- mass flow

rate per second of component through the pump; Qi -density of

component; )Hi - the pump efficiency.
9.2

culation As a result of calculation of hydraulic circuits for the selected

1 we revolutions we determined both excess pressure, created by pumps, and

to component consumption. If we accept lot = const or if the relation-

ea. ship of li to pump parameters is known, then for every selected value

s caping
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of rpm it. is possible to calculate power, required by each pump. where

If there is the possibility, then NH i in terms of w should be secofl

obtained experimentally. By summing the values of powers of all the operat

pumps, let us construct the graph of relationship of power, required can be

by these pumps, to the value of the ,velocity of rotation w of the data.

turbopump, unit shaft (Fig. 9.3). curve,

While

the pc

graphs

Fig. 9.3. Relationship of the appro
• ""•'t power of pumps to the peripheral fnd t

velocity of rotation of the the re
turbopump unit shaft.

On the basis of additional .calculation or by using results of

processing of experimental data, let us construct a 1family of curves,

representing the relationship of turbine power to the velocity

w of rotation of turbopump unit shaft at various consumptions of

propellant, entering the gas generator, G3 (Fig. 9.4).

Af, Fig. 9.4. Relationship ofI turbine power to the peripheral applie
velocity of rotation of the its gr
turbopump unit shaft with
different consumptions of gas- The ge
producing propellant. hydrog

calcul

~hydrog

pressu

It is known that in the first approximation the power, developed

by the turbine, Is equal to L

(feed o
N, (A-B ) o)0, ( 9 12 ) p re ss u
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ump - where G3- the mass flow rate of -the working medium of turbine per,

be second; A, B,- parameters i which depend on the construction and

all the operating conditions of the turbine-. They can be calculated, but they

required can be determined more precisely by- results of processing experimental

f the data. One should bear in mind, that they depend on- G3 and w. Each

curve, presented on Fig. 9.4, corresponds to a certain composition G3.

While having graphs Ni (*) and N,(G3,,)', let us construct the graph of

the power balance of the turbopump unit, for which We combine both

graphs (Fig. 9.5). If consumption 3 is predetermined, then by the

appropriate point of intersection of curves (Nmi+N) () and N,(Gs,) we

find the parameters of steady state. If -w is assigned, then we find
the required consumption of working medium of the turbine.

N

13 Fig. 9.5. the ba-lance -of powers
for turbopump unit; 1 - turbine;
2 Dumps.Its of

f curves,

ty

s of

Generator

In modern engines the most diverse types of generators are

applied. If the generator is fed with two propellant compofients, then

its graphic calculation is similar to calculation of the main chamber.

The generator, which uses a third component alone (for example,

hydrogen peroxide), is calculated somewhat simpler. The character of

calculation remains approximately identical regardless of whether

hydrogen peroxide (or another monopropellant) will be fed under

pressure of compressed gas or by a pump.

developed

Let us examine the calculation of a generator with gas pressure

feed of the third component (Fig. 9.6). On a graph let us plot

9.12) pressure in the generator tank P. If from the value of pressure Pt.
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we subtract the amount of hydraulic losses Aft then for any assigned As a res

in-the cl
flow rate of' turbogas it is easy to find pressure in the-gas generatbir popell&
PI.

pressure

greater

chamber

-Fig. 9.6. 'The pressure propella

balance for the gener- of prope
ator. to decre

point a

We will

induced:

to the c

It is possible to solve the inverse problem: by equation

P VrTrr 0

0(9.13)
a

on the graph of Fig. 9.6 let us draw a straight line, inasmuch as at

relatively low temperatures of decomposition of third component

;z::. const, (9.14)
arr

Let
where am - function of politropic index, determined by formula (9.9).

The parameters, entering formula (9.14), are determined 
by mass for

calculation. The sumof iF~p., is defined as the sum of nozzle throat under th

I -by quant
areas of the turbine. The point of intersection of lines of Fig. 9.6

will determine the working parameters of the generator. 
already
and the

9.2. Preliminary Evaluation of the Interconnection pressure

of Processes in the Power Plant chamber

the velc

Let us assume point a (Fig... 9.7) determines the parameters of view of

steady state. Let us examine the vicinity of this point. Let us in the c

assume that at some moment of time under the action of some factors by quant

some excess quantity of propellant entered the combustion chamber.
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Bsgned As a result of combustion of this portion of propellant the ,pressure A
enerator in-the chamber is raised and, as a consequence of this - the inflow of

-propellant to the chamber is decreased. However, with increase of

pressure in the chamber the flow rate of .gas trom the chamber will be

greater than calculated. Thus, with increase of pressure in the

chamber as a-result of combustion of the additional portion of

propellant there will simultaneously occur both decrease of inflow

of propellant and increase of flow rate of gas. This will contribute

to decrease of pressure in the chamber to the calculated value. Thus,

point a is stable, since self-regulation occurs in its vicinity.

We will arrive at perfectly similar derivations if we trace the process,

induced not by increase, but by decrease of inflow of propellant

to the chamber.

n N/Gas

13) tK..
/ ropellant"

h 'as at

nt
Fig. 9.7. Graphic determina-
tion of design conditions

.14) of the combustion chamber.

a (9.9). Let us now examine the same process, but with consideration of

mass forces and friction forces, affecting the system. Let us assume

under the action of a disturbance the pressure in the chamber increasede throat

Fig. 9.6 by quantity A1 (see Fig. 9.7). As a result of such increase, as

already mentioned, the inflow of propellant to the chamber is decreased

and the flow rate of gas from the nozzle increases, and due to this -

pressure in the chamber is reduced. With change of pressures in the

chamber both the velocity of propellant, entering the chamber, and

the velocity of gas, escaping from the chamber are changed. In

irs of view of the inertia of moving liquids and gas the amount of pressure

.t us in the chamber at a certain moment of time will be less than nominal

I'actors by quantity A2.

imber.
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A a

if forces of friction are absent if the system, then the Inasmuc

-amplitudes of pressure fluctuations A,, A2 , A 3 , etc., will be equal supplie

to each other, and pressure fluctuations, occurring with constant turbopu

amplitude will be observed. Thanks to the action of friction forces, unit is

which appeared in flows and between liquids and walls of elements of

the lines, the magnitude of the amplitude of each subsequent half-wave Ma

will be less than' the previous; damped oscillations take place in the in the

system. Thus, if the "chamber-hydraulic circuit" system receives

disturbance, as a result, of which the pressure in the chamber

deviates from its nominal value, then in the vicinitY of point a

damped oscillations will appear. One should bear in mind that such

evaluation of stability of the character of motion of the system is where I

tentative, preliminary, since it was accomplished while not allowing by para

for the period of delay and other factors.

If

If we exclude anomalous cases from examination, then the

"chamber-hydraulic circuit" from examination (point a in Fig. 9.7)

'is always stable. Unstable operation of this system is possible only

with very considerable deviations of ratio kI from its nominal value, that th

that ca

The situation is somewhat more complex with the turbopump unit, the tur

which, depending on the characteristic, can be both stable and unstable, The pre

i.e., it can or cannot possess the feature of self-regulation. Let velocit

us note, however, that in the overwhelming majority of cases the our inf

"turbine-onup" system is stable, and research is reduced to determina- calcula

tion of the degree of stability, pumps,

unit sh

Let us examine the balance of powers of the turbopump unit, the

turbine of which is fed by a generator with gas pressure feed of third

component into it - hydrogen peroxide. At steady state the turbopump

unit parameters are determined by point of intersection a (Fig. 9.8).

Let us assume that in view of these or other disturbances the

peripheral velocity of rotation of the turbopump unit shaft increased

from value w to W2 (Fig. 9.8b). In this case the power, required

by pumps, will be greater than power developed by the turbine.
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Inasmuch as the power, required by pumps, is greater than the power

4ual supplied to them, then the peripheral velocity of rotation of the
tnt turbopump unit shaft is reduced to nominal value. Therefore, the

?orces, unit is stable.

its of

lf-wave Mathematically the conditions of stability of the turbopump unit

in the in the vicinity of point a can be written

res

a
such

m is where ZN 5i,N, - Dower of pumps and turbine respectively, calculated
C-

lowing by parameters of'point a.

If

9.7) (6 a

le only
value, that the system is unstable. In fact, let us influence the system so

that calculated velocity w1 will grow to w2; then power, developed by

unit, the turbine, will be greater than power required by pumps (Fig. 9.8a).

unstable, The presence of excess of power will lead to further increase of

Let velocity of rotation of the turbopump device shaft. If as a result of

he our influence the velocity will be decreased in comparison with

termina- calculated, then as a result of exceeding the power, required by

pumps, further decrease of the velocity of rotation of the turbopump

unit shaft will occur. Thus, the examined system is unstable.

t, the

of third

rbopump N

3. 9.8). a I

System is unstale System 1 siableicreased|, I
, II .

a i r e d , % 4 j , W 1 W

a) b)
Fig. 9.8. Graphic method of
determination of stability
of turbopump unit: 1-
turbine; 2 - pump.
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Let us compare the stability ;f two turbopump units. Let us that in th

assume the turbine of the first turbopump unit is fed by steam gas, rotation c

received, in the generator with gas pressure feed of hydrogen peroxide,, of turbop,

and the turbine of the second turbopump unit - by steam gas, 4-4 can be

received in the generator with pump feed of hydrogen. peroxide. The- with a rej
balance of powers is represented in Fig. 9.9. With gas pressure feed actuated t

of peroxide line 1-1 is the relationship of power, required by- uanps, of N_ to

to the velocity of rotation of the turbine shaft, and lines 3 -

characteristics of turbine, which correspond to certain different Let i

flow rates of generation means. If the turbine characteristic regulator

represented by line 3-IV, then the stability of turbopump unit turning t)
is determined by angle a. hydrogen I

will be di

regulator

result of
N turbine p

14 /
a Fig. 9.9. The balance of be increa

powers of two turbopump of the dd
units, fed from different3 l generators.

3 .•Let
35 unit with

~(Fig. 9_. 1
th state
by the qt

' quantity

reduced.

inertia,

Let us now examine the puip feed of peroxide. Power, requirLd" wh'ich is

by pumps, will be greater than in the previous case, due.to power,

required by the third, additional, pump.. Now instead of line 1-1 Undc
the relationship of power, required by three pumps, to the angular vap6rs' t

velocity of rotation of the shaft of the device :will be represented mechanic,

by line 2r 2 . By special calckatlon of the generator it is possible to quant'
to establish therelationship between the 'velocity of rotation of the , the turb:

pump,. feedin4 peroxide, and the flow rate of peroxide.. Let us assume system i,
13 termii

due to ti

N 359 "
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t us that in this case the relationship of turbine power to the velocity of

an gas, rotation of the shaft be represented by line 4-4i then the stability

peroxide-, of turbopump unit will be determined by angle 8. The slone of line

4-4 can be changed, if we equip the hydraulic circuit of'the generator

e. The with a regulator, made, for example, in the form of a throttle valve,

sure feed actuated by a centrifugal regulator. Line 5-5 is the relationship

by pumps, of N to w with pump feed 'in the case of action of the regulator.

3-

erent Let us take point a, which corresponds to operation without a

regulator. If we throttle the hydraulic circuit of the generator by

it turning the throttle to a certain angle, then the flow rate of

hydrogen peroxide is decreased; instead of point a the turbine power

will be determined by point 6. At high revolutions without a

regulator the turbine power will be determined by point a'; as a

result of even more turning of the throttle instead of point a' the

turbine power will be determined by point 6'. Thus, angle 8 can

be increased to value y, which corresponds to increase the stability

of the device.

Let us examine the question about the stability of the turbopump

unit with consideration of mass (inertial) forces and friction forces

(Fig. 9.10). Under the action of external factors the system leaves

the state of equilibrium and the design revolutions are increased

by the quanticy of initial amplitude A1 . Here ZN. -NT is a positive

quantity - the number of revolutions of the turbopump unit shaft is

reduced. Inasmuch as the moving wheels of turbine and pumps possess

inertia, the revolutions of the shaft are decreased to a quantlty,

,quired which is less than the calculated values of revolutions.

powers,

e 2-1 Under the action of friction forces (friction of liquids and

ngular vap6rs the flow area, friction against the disk in the housing,

esented mechanical friction in seals and others) the amplitude is decreased

possible t'o. quantity A2 . With revolutions less than calculated, as a result of

on of the the tarbine power exceeding the power ,of pumps acceleration of the

us assume system is observed, whi-ch in view of the presence of flywheel masses

is terminated at angular velocity of rotation w > w1. Amplitude A2

due to the effect of friction forces proves to be less than amplitude

A1 .
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N

a Fig. 9.10. Damping of oscilDa-
tions of the -angular velocity
of rotation of turbopump the mai
unit .shaft. I - turbine; 2 -pump..4- .I Ci

with ga
( tion o~f

have be

Another character of motion is possible. Let us increase the

intensity of friction forces. Let us assume under the action of

external forces the equilibrium is disturbed, and initial amplitude
A1 wll be the same as in the preceding case.

If-the factors, damping the system, act rather intensi-ely, then

instead of the damped oscillations examined above we will observe

aperiodic mot&n. Thus, stable point a causes damped oscillations or

aperiodic motion: if under the action. of these or other factors the
system left the state of equilib'rium. The disturbances of operating

condition of the turbopump unit aie caused by influences, directed

toward the combustion chamber and hydraulic circuits, by the presence Ac

of hydraulic shocks, which appear with passage of the centrifugal investi
pump .vane past the exit throat of a spiral chamber, periodically

acting dynamic loads, which appear in the flow area of the turbine,

and also by other factors.

The described grapho-analytical method is one of many, being The com

applied at present in designer offices, in scientific and educational
institutions. The methods, worked-out by Berzher6n [6J, has received

wide distribution recently.
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Examp e.

Determine by the grapho-analytical method the averaged values of

the main parameters of a stand device after engine starting.

Gi-ven'.

The stand device of a liquid-Dropellant rocket engine is equipped

with gas pressure feed system. Pressure in the -tanks (with considera-

tion of the action 'of external forces) is kept constant.

With results of hydraulic pressure drop tests the following data

have been obtained:

e the

-0f Oxidizer Fuel.

litude a, 'P - I -2

kg/s ___ ___ ___ __ __ __ __

50 1,0 12 1,0
ly, then 75 2,2 20 3,0

100 4,0 25 5,0
e rye 125 6,3 30 7,0
tions or 150 9,0 35 9,2
s the 175 12,2 40 11,6srtt 200 16,0 44 14,0erating

ected

presence According to results of thermodynamic calculation for the

ugal investigated chamber there is obtained

lly

rbine,
-=81506 kg.'-

The component ratioeing

cational , o

received
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,Oo Zuton

1. Let, us construct the first graph (Fig. 9.11).

"Fig. 9. 11, Pressure balance in
,the main hydraulic circuits of L
the engine (for the example of
calculation).. values

Let us

Let us select a scale for G and G2 so that segment G1 = 100 kg/s graph

would be approximately equal to segment G2 = 22.8 kg/s.

On millimeter graph paper let us plot to scale segments P6, and Pi. respec
segmen

Let us draw lines poi and pe, parallel to the axis of abscissa,

inasmuch as pressure in the tanks does not depend on the consumption

of propellant components. For ex]
examini
on fie

By using the results of hydraulic pressure drop tests, let us
construct curves A, with respect to and AP2 with respect to G2 .

arb itrt

Let us construct the second graph (Fig. 9.12). Let us prepare

a sheet of millimeter graph paper so that along the axis of and cot

ordinates it would be possible to plot values of pressures to 14 MN/m
2,

and along the axis of abscissa - values of the largest possible total L(

consumption of components. With the first graph (see Fig. 9.11) we pressui

find: Gat1aOO kg/s and 02,wx44 kg/s. Consequently, (OG+OI)M=A the no

=Gftss234 kg/s. G will
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Fig. 9.12. The relationship of flow
rates to pressure in the chamber (for
the example of calculation).

II

Let us transfer the values oftpl, corresponding to a number of
values of Glfrom the first graph to the second (see Fig. 9.12).
Let us coninect the obtained points by a smooth curve and we obtain

100 kg/s graph G 1 with respect to p K'

For explanation of the method'of construction of curve G1with

p., and Pot respect to pKon graphs the values of pare marked in the form of
segments I and V', equal on the first and second graphs respectively.

Issa,
Similarly there is constructed graph G with respect top

rateso to prsueK heca r(o

For explanation of the method of construction of this graph one should

examine respectively segments II, III and III', equal to each other,

tlueon fields of the first and second graphs.

to Gu2 Having selected on the field of the second graph a number of

repare arbitrary values of p, let us graphically sum up segments G01 and G02
and construct graph (G1 + G2) with respect to p K

1~4 MN/rn2

le total Let us draw a line, which characterizes th6 relationship of

11) we pressure in the chamber to the flow rate of combustion products through

the nozzle throat. Inasmuch as const, then p with respect to

G will be represented in the form of a straight line.
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According to the point a of intersection of curve (C1 + G2 ) wi th
-respect. to p, which chiaracterizes the inflow of propellant into the
chamber, with line PKwith respect to d, which determines the flow
rate of gases from the chamber, we find the sought averaged values of
parameters-:

'l MN/r2 (point A),; Gu i22. 8 kg/s (point 6); G1  100 kg/s
(point'S); G 2 - 22.8 kg/s (point r).

By Fig. 9.11, for G1  100 kg/s we find the amount of hydraulic

'losses -AP 4 *A/tn 2 (point D). For 0 22.8 kg/s by point 9 we find

,hydraulic losses In the fuel circuit.

theirc

the reE

with UJ

drawn t.

then cc

equatic
under t

then we

linearl
previou

process

cesses,

of cont

shutdow

results

of' para

prepara
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) with

to the

.flow

lues of

00 kg/s

'CHAPTE-R -X

aulic STUDY OF THE CONNECTION(OF AVERAGED PARAMETERS

we find

Under operating conditions small deviations of parameters from

their calculated (or assigned) values are possible. In certain cases

the researcher is interested in the character of change of. parameters

with'time. For the solution of such problefis dynamic equations are

drawn upon. If it is necessary to determine only finite (new) values,

then calculation is performed with the aid of static (algebraic)

equations. Inasmuch as we are speaking about the study of an engine
under the condition that deviations of parameters are relatively small,
then we usually are guided by linear equations, obtained by means of

linearization of nonlinear equations, derived and examined in the

previous chapters.

10.1. Processes) Proceeding in the Vicinity
of Assigned Conditions

The number of dynamic problems includes the study of transient

processes, caused by the action of external factors; transient pro-

cesses, which appear under action of commands, produced with the aid

of control systems; emergency transition from one mode to another and

shutdown because of the malfunction of some untt of the engine, etc.

The number of static problems includes: determination of

results of the action of external factors; determination of deviations

of parameters, which appear as a result of errors, permissible during

preparation of the engine for operation; the calculation of engine
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tuning, to the required mode; evaluation of the precision and quality

of engine production; selection of the class of precision of manufacture group, .

and the cleanness of machining of separate parts, etc. conditi

chamber
The initial system of equations for solution.of all the the val

enumerated problems is the system of first order linear differential include

equkations of type the va]

pressur
,h

x(of the
I -x

where Axk -small deviation of variable parameter x; a. -constant of dev

coefficient. The system of equations- should be' closed, for which it paramet

is necessary that the number of equations, i be equation to the number under t

of variables k. During solution of static problems charact

tions

4=0, (10.2) or by

and the system of equations takes the following form:

of othe

Eat~bx=0. (10.3) of the

tional

Thus, equations of -itatics are obtained from equations of

dynamics. 'The more comprehensively studied and the more widely used during

are static equations, the easier it is to operate with equations of charact

dynamics. Therefore, it proves to be expedient to preface the study transpc

of the engine by static equations with research of dynamic processes. engine

errors,
Let us examine the equation of the first hydraulic circuit, of mete

i.e., oxidizer circuit. By using the pressure balance (6.153) and

formulas obtaind above, we find 
pressu

of heat
= - . - O'j,a- DIG, -7 ±.A,) specfi

-Rp

--aIG ..- aAI?' -b ,=O. (10.4) of' par
vide nc

would t
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ity Let -us distinguish three groups of parameters. To the first

ifacture group let us refer the basic parameters, which determine the operating

conditions of the machine: G, G2, G3, w, and also - pressure in the

chamber p, and thrust P. Parameters -of the second group are those,

the values of which change under the .action of external factors. They.

;ial include: ai, bi, Di,$ . To the third group belong such parameters,

the values of which can be changed- -at our discretion, for example,

-pressure in the tank p -and the coefficient of hydraulic resistance

10.1) of the adjustable throttle in equation (10.4).

Basic parameters receive small deviations AG. and Aw in view

tant of-deviation of parameters of the other two groups from nominal. The

it parameters of the second group- can have small deviations, which appear

umber under the action of external factors. Parameters of the third group

characterize control or adjustment elements, and. their small devia-

tions depend-on the degree of influence, being set by the experimenter

10.2) or by an-element of the automatic control system.

Small deviations of basic quantities will depend on the change

of other parameters. The external influences, directed to parameters

10.3) of the second group, appear for reasons of industrial order, opera-

tional character and under the action of meteorological factors.

Industrial influences are caused by the presehce of tolerances
used during manufacture and assembly. The deviations of operational
of character are explained by the influence on structural elements during

study transport, by inaccuracies, which appear during preparation of the

esses. engine for operation, including errors of control measurements and

errors, permissible during adjustment of control elements. Influences
it, of meteorological order are caused by changes of ambient temperature

and and pressure. With change of pressure there are changed the vapor

presssure, the boiling point; change of temperature leads to change

of heat content and physical properties of components: density,

specific heat, viscosity and thermal conductivity. Small deviations

(10.4) of parameters of the third group are usually designated so as to pro-

vide nominal conditions, at which small deviations of basic parameters

would be equal to zero.
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10.2. Derivation of Equation in Small Deviations

partia

All parameters, entering equation (10.4) can receive small assigni

deviations. -If these deviations care infinitesimal, then the expression the foi

of total differehtial of the bonsidered function-will be exactly equal

to zero. When writing this expression first let us write, down the

terms, containing differentials of the -basic parameters, then -

differentials of parameters of the second group and, finally, the

third. We receive

dfD4=L1 -dG1±P1ki dO,+Ab-1d. 4da,++.LdDi+ The fil
W & secondi

(105)and in4+ .- .+AL dpa + 41 da., =0. (10.5)an i

should

Parameter p.1 refers to parameters of the second group, if deviation

4p61 is cauBed by the action of external factors, and to parameters

of the third group, if deviation Ap6 1 is used for control of the

operating conditions of the engine. With transition to small finite represi

deviations one should remember .that unlike dI1 = 0 deviation A*, is considl

nonzero and equal to error c1, which appears as a result of disregard- that ii

ing nonlinear remainders. When using equations in small -finite devia- '6l' 'l

tions the quantity c1 is frequently computed with consideration of

errors, which appear when determining the values of constant coeffi-

cients, entering equation (10.4), by calculation or experiment. of coni

Instead .of equation (10.5) now we have one de,

with t.

% j, " "'- ceedini
#G 4"a ODI

+.-+ 4P6I+ 2 1. (10.6)

In expression (10.6) there are considered small deviations from

assigned or steady state. If we designate the current values of can be

parameters G and w, and their assigned or steady values will be G

and w0, then small deviation will be

aGj=G,-GO-, AG.2=0 2- 2 10 ; A') -w--o. (I0. It is

tions
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Inasmuch as expression (l'O.6) is a neighborhood equation., air
partial derivgtives should be ca1ulat ed- by the parameters of

assignedor steady state, ;therefore they will enter the equation in

xpression the form of',nu~mbers.

ly. equal

the. Let 'us d~signate

the , etc. (10.8)

The first ubscript crresponds'to the number of the equation, ,the

second - to the n'umber of parameter. Inasuch as all:are assgned

(io.5)and inasmuch, as small deviations of parameters of the' secoid group
should also be assigned, spe

iation,

eters '4Vt 1 a~p61'±ala6 d 1+al74D,±a 8&D , (10.9)

he I i

is. cosdee unuonoaquton.l eqatb (l.-) tisa ep

erthat in the hydraulic circuit w obtan eviations of parameters

e devia- p.1, a,, Dec(Dj.)

n of
oeThffr The sumof terms, containing small deviations of prmeters

of control, is desi gnated APrmt- In our function there Is considpred

one deviation h asmuch as a conditionally accpted engine is tuned

with the aid of throttle washers or is controlled by commands, pro-

ceeding from liquid r'duction gear, therefore

(10 )(10. 10)

f.i 10.6 conieeucin feutos neutb 1.)i sacpe

is rom- ta Finally the equation of 'small finite deviations in general form

of . ran be,,written in the following manner':

beG

9I  ' (10.11)

Aedva 61 l. D. , I

( ) TIt is read so: 'the s n of pr9ducts of partial de oivatives Of func-

tions according to'parameters by mall finite deviations of these
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S,, T i

-ac~ae frmpaaetr - of th cosdee mo-de,- *- sal

3 |I ; '

_ I.

paraieters is equal. to the' error, appearing as. a result of disregarding
3 , I j * !

nonlinear terMs. The numerical, values of partial derivatives are

; calculated from .pararneter of the donsidered mode, from ihich-small

I deviations, are read. , , 'u

-abutIn interpreted form equation (1O.fl) during solution of' problems

about ditemination of the action of external .factor. will be written

so: , adju
* I * oiii• , : form :

a'l+A' t- 2A&G2'+a3l'+AVU-Ct" : ' (10.12)

A3 I3- I
3 3 3 (lo.as3),

During soiAtioh of the'probleh" about adjustment.instead of

expressiod (10-12) we will write ,

- - I

41 AO" +a, 2AG2+at 3A+AVI+A Pt'--Cl;" (10.14) Chap

U 3, API=a, ,,ia,,,,j ;(1 i015) )o

moreover the goal of adjustment will be, the provision 6k AG = 0 and

AG2  0. , With solution .of thp problem about the action of external

factors we find numerical values of AGI and AG2, which correspond
i to the iven;AV..

The quantity :and type of equations depend, a's already indicated,

on the engine configuration and the formulated problbm. Let ,us be- 'wher

limited in accordance with accepted scheme ofcalculation to the , effi

'examinatton of four basic parameters: Gl, G2, G3 ' . The closed axis
32 3J*

systbm will includel four equatlions. G
. (10.'

33

In general tho basid parameters are all G. and y; therefore.,

in the blosed system the number of equations is equal to i + 1. As

the second equation we take the equation of hydraulic fuel circuit,

which is written so,: wher
' " ' of U]
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garding 1 P62± 2!, D k 2 - D;G22-

--H+ 2)-a2 2 -a_2G2*-O. (10. 16)
:ai 11 KP

'Equatlon (i0O-16) can be commenited in the same way as equation (10.14).

orbblems

itt~nIf we consider the external influences and the effect of
adjustment, the equation of small deviations will take the following

form:,

.12) a2liAGi+a 22gAG2+a23'(O)+ 4V2'+4P2 c: (10.17)

l3)AVf 2  a2,A xt; (10.18)

aP2=a2j1 jia1 2. (10;19)

The thlird equation is the equation of the turbopump unit (se

Chapter VII). Under steady state conditions it will be written in the

following-Amanner:
).15)

:,nal
,Let us take the moment, developed by the turbine,,

M,=2r,(mCj cosa 1-m2 a) G~, (10.21)

dicated,.
where 2r -diameter of the center line of nozzle exit sections; .-be nA
efficien-~y of turbine; C1  exit velocity from the nozzle; a nozzle

ed axis angle; w - angular velocity' 6f rotation of the turbine shaft;
G - mass flow rate of turbcgas per second. Let us Write-expression
3

(10.21) so:

ore,

As M, =~(A -B(-)) G3, (10.22),

cult,
wh6i'e the coeficients, which characterize the operating conditions
of the turbine, will be:
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A=2m 2rC •cosai1; (10.23)

Coefficients m and m are determined by the number of stages and where

,depend both on the construction of the turbine, and its operating coeffic'

-conditions. According to equation (7.216) the exit velocity from the

nozzle

one sho

C1,=1 V2A17 o. (10.25)' replace,

The torsional moment, required by ,the pump-, will be equal to

M.1= P. 101 (10.26)

where for engineering calculations it is possible to consider

paL =D- DjG:- D;Ge.' (10.27)
and in I

Equation (10.20) for the turbopump unit, which has n pumps,

takes the following form:

, If the
(A- Bw) G31 =: ' PH 1

0  (10.28) ( 0.16)

there st

Equation in small deviations will be written so: GI and

Am. ,(10.29)

be writ'

aM., =--IAp I +--AG -'- a.,,. (10.30)

As the fourth equation let us draw on the equation of the

hydraulic circuit of the generator. If the feed of single-component

means of generation is performed by a pump, then
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(10. 23
(10.214) In -- r0 (10.31)

ges and 'where 0 .specific pressure pulse for the generator.; a~

ating cefint'of hydraulic resistince on~ the generator line.J

ty from the
If the generator is fed by bipropellant, then for calculation

one should draw 6n a fifth equation, and in expression (10.31)

'(10. 25) replace tihe product of.Or'Gbytm
Fxp.rr

to Prp 4 G8).(10.32)

(10.26)
When using monopropellant the consumption of steam gas

der
04=1(t),(10.33)

(10.27)
and in the ~case of application of bipropellant

pumpsG(%)+=:!It (t). (10.311)

If the basic component6 are used, then in equations (10.4) and

(10.28)(10.16) up to the place of bleed of components into the generator

there should be written (G1 + GO) and ('d2 + 5)adafebld-

1 and G2 respectively (see Fig. 8.5).

(10.29) The equation in small deviations for expression (10.31) will
be written so:

(10.30) a4340'+a 44AG 4+AV 4+ AP4 =C4; (10.35)

f the AV4 =a 4 4p64+a74 EAD 4 +Ia 4AD+ a48D4; (10.36)
component

%P4 =a, , ta, 4 . (10.-37)
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10.3. System of Calculation Equations

Let us examine several schemes- nd write the systems of

equations for them in -small deviations. -During soltulon of problems

about the effect of external factors and when determining errors c-

in all equations one should take Pi = 0.

where
Engine with loaded tanks and gas chamt

pressure accumulators
of ft

The propellant components are forced, from the tanks by gas, G2 2
entering the tanks from accumulators (see Fig. '8.1). The engine is

equipped with control elements, installed in hydraulic circuits,

therefore

a, 1AG1+ 4, 2AG2+ AV1 + AP =c,; (
aA 11GI+a 22AG +AV2+AP 2 c2. (10.38)

means

During engine tuning we assume gener

equip

I=.- A02 =0. (10.39)

whereupon we immediately find AP1 and AP2 .

Engine with loaded tanks and liquid
propellant -pressure accumulators

The propellant components are forced from the tanks by the for d

combustion products of the basic components, which enter the tanks AP-

from generators (see Fig. 8.2). Control elements are available in 3

all hy'draulic circuits. The system will contain two equations of

main hydraulic circuits, two equations of hydraulic circuits of the

oxidizer tank generator and two equations of hydraulic circuits of

the fuel tank generator: gener
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a, jAGj-F Z,2 G- +at3AG, 1+a4IG2 , -F-AVAP,=-CJ;

4g 1AG0+a 2 2 4-a 2 &G, 2-Ia 2440G2i+ AiV 2 + -AP=C2;'
a3 AG3 ,, 4-aa4(1G2 -V 3+4-P 3= C3;1

ins of a4 AG, 1-1.a4 6 21 A,-IV4 4-AP 4 --'r4; (O. 4o)

of .problems a46, 2-+ a .a4AG2 2+ AVs + APs =c5;

errors 0 a6a G,2+a6A622+ AV, A ,=%:

where G - inflow of oxidizer into chamber; G2 -- inflow of fuel into
12

chamber; GI I - inflow of oxidizer into oxidizer tank; G2 1 - inflow

of fuel into oxidizer tank; G1 2 inflow-.of oxidizer into fuel tank;
sby22 - inflow of fuel into fuel tank.

s by. gas,22

engine is
rcuits, Engine with turbopump unit

Variant No. 1

(10.38) The basic components are fed to the chamber by pumps. The

means of generation is accomplished from the third component in the

generator with loaded tank. All three hydraulic circuits are

equipped with control elements (see Fig. 8.3):

(10.39)

aj1AG,-j-a12A4O2+a ao "+ AV1 1-AP1=C; 1
a2 AG + A22462+a2 3AW + AV4-AP----2; (10.41)

a31AG,+a 32AQ2+a33A1"-I-a 34A3-;,- -iV3+AP3=c1;4J
a1 4AG3 A-4V 4 1- P4=c 4.

During adjustment all AG. = 0; the fourth equation is used
by the

for determination of AP4, the third - for determination of Aw when

ae tk AP3 = 0, and by the first and second we find AP and AP2 .
.]able in 312

;Ions of Variant No. 2

ts of the

cuits of Unlike the previous scheme to the hydraulic circuit of the

generator is connected a pump (G3 = G4) (see Fig. 8.4):
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42 &01 , .+ as2+a2 31- ,%2 .CI;e

a 2 1 A,+a,&G 2± 2 3. ~(10.412)
a3 AG.4 a3s2AG2 .a33A'+a 3 4 a+A13 "V3 :

a.&,. +a4 4AG 3+ AV 4 -%Pt= e4.  When per
us recal

Here it is accepted that AP 0.

For realization of adjustment we take r exa'n

AG,=AG,=Aw=. ( 430.43)

-y the third equation we find AG 3, by the fourth - the value of Ap,

whioh provides the required value of AG3  'Let us determine Values of W

AP1 and AP2 by the first and second equations., more, w

cons tan

Variant No. 3

The turbine is fed from the generator, operating on basic

components' (see Fig. 8.5); the system of equations takes the following
form: The astei

in brack,

a, 10, + a, 4 G 2 +v.I( 4.a14AG &V, +-%P- Ti=c,
aiG,+ a1 a2 AG2 + a2 ... . a"'AGs. '%V24. . P=c=2;
a. 1AG-a 24 2 +a,u-I,-a, 4AG4 -!-a,, AG,. AV 3  =C'; (10.44)
a4 ViGl a4 .3aw + a4 4AG4 7 4 A4G, +. AV4 i 4 =e;

a 4G 2+a 53t&,)+a, 4tG4 .. ,astG ±AV6 "-sjP5=cs
Let us cl

Adjustment is reduced to determination of Aw by the third

equation and P. - by the remaining equations. Let us note that

analogous systeis can be easily written for any other schemes.

10.4. Determination of Coefficients of Equations

Let us determine the coefficients by equation (10.4), which

we rewrite in the following manner:
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• "61+6 " "G: -±O -- ,6 -a,~ --. (1 i0.45)

(10.112)

When performing engineering, calculations -we take nl n 2. Let

us recall that

- a"(10.46)

for example, coefficients

(10.43) a ,-d- t ,, -, a, - -• (10.47)

"of AP4,
values of When computing partial derivatives all' the parameters, further-

more, with respect to which the derivative is taken, are considered

constant. Derivatives according to basic parameters will be:

sic .

following
The asterisk means that the numerical values of quantities, enclosed

in brackets, are determined for steady state.

Thus, the asterisk is equivalent to the following:

(10.44) D I= D zg ; D . = , etc,. (10 .49)

Let us calculate coefficients

ird

at a, F& 2 ~ o . , (10.50)

a,23 =(2O,w--D;G,).. (1i0.51 )

In order to determine V,, it is necessary to use £f:,muIa

(10.13). For the considered case it is wri - te so:
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AVj4,5 Ap,;1+aja.D,+ a, 7Ad, + b it, +a+a,a a. (10.52)1
are ,

data
Small deviations are calculated- by the results of tests. For coeffi-

theii
cients we find

the r

a$ -- ," if p61=coflst; in c(

a,6-±iL =(u2)*; a,,=-(-G,),;OD, (10.53)
a,,=-(G').; a,,=" (G7+) obtaJ

*'( each
a1  ob t a

12 it is necessary to- take into.account the deviation of power

n from nominal, then to the -right side, of expression (10.52) one or i,
testc

should add a. 12 An', is cl

a. ,,=&I = [(a, +a..) Gf In (G,)].. ( 10.54 )

Of great interest is the study of the effect of temperature

and deviation of sizes of various parts from their nominal values at whert.

engine operating conditions.

These problems are solved with the attraction of equations

similar to those examined, and with utilization of the relationship

of density and viscosity of liquids to temperature.

We will consider that constant coefficients of equations can

be determined experimentally. We distinguish individual and average-

statistical values of parameters. Individual is a value, obtained by The c

results of treatment of the experiment wJth one engine or its unit. X

From the data of tests it is possible to obtain the individual values When

of the following parameters: al, a2 , D1 , D2,j D, D', etc. flect

of 3c
During firing tests we determine the parameters, the values closE

of which were not calculated from results of shop tests, for example, ordir

P6 i" 0, Gi and w.
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(10.52), The average values of any parameter, including.disturbance AVi,,
are calculated on the-'basis-of mathematical treatment of statistical

data of results of shop, bench or flight tests of~many engines and'or coeffi-
their units. All objects, the quantity of which (and, consequently,

the number of tests) n, should refer-to one-batch, i.e., be identical

in construction andtest conditions.

(10.53) When conducting engine tests the value of the parameter.,

obtained during one test x., is a random discrete quantity and to

each such quantity corresponds probability p - where in - number of
1- n,

obtained identical values, of x.. Always pi > 0, and Epi -L Function

n Of power P *(x) , called the law of distribution, is represented ina table

or in the form of a-graph. The treatment of a large number of engine
2) one

tests shows that the law of distribution is close to standard, which

is characterized by equation

(10.514) v~)[ x (Xrl 1655
Y )fJ~fr 2ct (1.5

?erature

values at where a - mean square deviation:

ations -- (10.56)

tionship

X _- ; (10.57)
n

tions can S(xdx=. (10.58)

nd average-

obtained by The curve of standard distribution is symmetric relative to ordinate

its unit. x = x and asymptotically approaches the axis of abscissa when x

dual values When x = the curve has a maximum; at point x = a ± has in-

flection. As one of the characteristic quantities we take the value

of 3a, at-which probability p < 0.003. The smaller a is, the more
e values closely arranged the curve of distribution is near the axis ot'

or example, ordinates, i.e., near axis (x).
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When tuning the engine to the required operating conditions it

is necessary to determine the mean arithmetic value of disturbance,.

which we designate A S . Subscript "S" corresponds to the number of

-equation of any of the systems- from (10.38) to .(i0.44),.

Here

Let us examine equation

EahAxh+ AVS=O, (10.59)

where in accordance with systems (10.38)-(10.44) subscript "Ik" - the

number of variable parameter. When conducting shop (or ffring) tests adJus,

of n engines-we obtain n values of aik. The mean arithmetic value

of each ask:

I"Ials. -(10.60)

from
where i - the serial number of the engine, which underwent shop tests. new ej
When conducting firing tests we measure the flow rates G. and the

angular velocity of rotation of the turbopump unit shaft and record

-their deviations from nominals Axk . The mean arithmetic value 'of

each Axk': inasm,

3 _- t " L A x a , ( 1 0 .6 1 )

where m - the nunber of firing tests; Z - serial number of engine,

which underwent firing tests. The mean arithmetic value of disturbance

engin(
A s S= - SaS h. (10.62) (1O.

k
testec

for er
By using'the expression for the mean value of the product of

two random quantities, 
we obtain
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ns it K);

ce,

of . . (10.641)

Here r - coefficient of cortelation; a mean square deviation.'

10:.5. Calculation of Power Plant r

•-59)
Engine adjustient

-. :

the Now it is possible to write the system of equations for engine
tests, adjustment: , 1'

lue

alAG +a 2 AG2+ai 3 AuR+a4AG+A, + AP,=c, (10.65)

2i~, 23,4)

.60) , ,
In equations (i0:65) th'e valuesi of a AT and 5. are calculated,,

from results of processing experimental data. For/adjustment of a
tests. new engine it is necessary gn the bginning to assume

ie

* ord AGg==Aoa=0. (10.66)

inasmuch as providing condition (10.66) is the purpose of adjustment.

Thus,, for determination of AP., we have a
.61) 1

AVJ+APJ=C i  ' (10.67)

he, (i=],, 2, 3, 4).

turbance
In order to take into account the specific features of the

engine being tuned, it is necessary to calculate AP by expression

0.62) (10.62), having accepted a / from data for the serie's of engines

tested earlier and having substituted values of A characteristi'c

for engines being prepared for tests. For other methods of adjustment
tsee [17], [6]. 6 4

382



I 3

I

I I 
i

3I ,-I

Determination of results of -the effect of Addit
external factors

, I.

The values of small deviations ofbiisic parameters are;

: caIculated-at P. - 0. Computation of these numbers is called the

soltion of. 'the problem about the effect of external factors.. The

calculation systemb has the ,follOwing form:,

11A ,anAG -,,13A a,4Ai*=c±--,A -1 (10,.68)
(=I, 2,3, 4).

In many cases it ipossibleto represent the system by three
equations. This can be achieved by solution -ofthe, fourth equation

relative to AG and replacement of AG in the -third equation by the
13 varia

obtained numerical va'lue. 'If for, example we are 'guided by equation
pr eshou

(1b.41),, then the ,system takes the following form:I 3V I
a, 1 AI~ •A2 !a 8 '~~A,

(1 .-69 ( 0 .69)
WA, + 2AGJ2 a2 A6 AV2, sout

S 'S " a3 ,A&G -1-'a 32 AG3, A3 3 V ' aria ,I I
" 'Let u.

moreover

* , , A ,=*,-AV,; (10..70)

54 4- - - . -

*,aBy 

ap

, * 'Solutions, 'as is known, have^the following form:

1AC D *.(10.73)

3' j whtro'
'The principal determinant: W A

Sa,r, a, 2  a,,

D = , jj -= a 2 , a 2 2  a 2 3 1

a3, a3 .. a3 l (l O 'T h)-

1383

I, I

3 3+

3 ", 3' -
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Additional determinants:

AI= 14V 4i2 41 ;

AL12 422 ai, (10.75)
the AZ' 4, 2 a,,

The a, v a0 7

_41,,Av, aij

l0.68), -D3 'V.(10.77)
08 3 03,

three
Solutions (10.73) are not precise. The coefficients are accepted

ation 'as constant, although in actuality some of them depend on the, sought
the variables or' vary with time. Consequently, in actuality research

ation
should be based on nonlinear equations.

With transition to-small finite deviations the nonlinear

remainders were dropped which led to decrease of the accuracy of

solution. In engine equations we encounter components, containing

variables to the second or third power or the product of variables.

Let us assume there will be assigned function

10.70) y= ax'. (10.78)

10.71) By dropping the nonlinear remainders, we obtain

Lo. 72 ) A =2axAx. (o-.79)

By applying expansion into Taylor series, we find

A(=p2aAx+a(Ax), (10.80)
10.73)

where -(Ax)2 - nonlinear remainder. Expression (10.80) can be

written so:

8= 4 ux. (10.81)ltO 74)
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By cbmnaring expressions (10.80) and (i0.81), we find that the correc-

tion factor using

(10.8) of the

2 (10.82) equati

neighb

The smaller the relative value of small deviation, the less is the

error-, which appears as a result of disregarding the noniihear

remainders,. circui

in the
In order to exclude errors, one should write the equations of

small finitedeviations so that components, obtained from functions

of type (10.78), would contain factor c. In the examination of ppo-

cesses in the neighborhood one should be guided by average-statistical

value (Ax)* and nominal value x*'. In this case e will be presented

in the form of number cm, characteristic for the considered problem:

2 x.-_-'-%X. (10.83)

From e
If the function, containing the variable to the third power,

is assigned, then for determination of the correction factor we will

have

AX) (Ax) Equati
x, (10.84)

Analysis of calculation data shows that consideration of the

third component in expression (10.84) rarely leads to noticeable re-

finement of the results of calculation. where

10.6. Dynamic Processes, Proceeding in the
Neighborhood of Assigned Conditions

After the engine reaches cruise conditions, as a result of It is

influences on the part of regulation or control systems, and also

under the action of external factors small changes in the basic engine

parameters can be observed.
By sut
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.he correc- the changes of cibsollite values -of parameters are- determhine-d-by

Using- the equations of 'statics 'given in this chapter. For determination'

of the amount of change of~parameters with timie there are necessaivy

(10.82) e6quations., which characterize the dyniamic' processes-, proceeding in-t1he
neighbbrkiood of some assigned condition.

is the

ar Let us-~consider for example 'the equation of the hydraulic

circuit of fudl 'for art engine with gas pressure feed of 'domponents

in the following form:.
ttions of'

-in c t i o n s 
b = P ,.a G 2_ _L (I 1 ± ) . ( 1 0 .8 5 )

tat isti cal
esetedIn the neighborhood of static valuss a*, G*, etc., the devia.-.

problem: tions be equal to

Ax=G- G; Aa=4- 0 . (10.86)
(10.83)

From expression (10.86) we- find that derivative
d power,

r we will
Ai~ G.(10.87)

Equation (10.85) in this case takes the following form:

(10.84)

n of thebA=(e+p)(.--4) - (B + A) (. + X),(10.88)
eable re-

where

Flip ) (10.89)

Ult of It is obvious that

id also A=!b3-~, 1.0
)asic engine Pi ki ,3 Akp --- (1kA .(1.0

By subtracting from expression (10.88) the equation of statics
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01+) k -0 (10.91) cni

'and disregirding the terms, containing products of -small deviations,
iwe obtain

Finall
b~x=AAX+~V,,(10.92)

,where-

A=24,G.4-i; (013

as a- -r
AV~ApG~-G.B.(10.94) other

dynai
Let us -recall that in -the accepted meanings disturbance AV,; represents tank r

-small deviation [see equation (-10'.13)-).

Deviation AP'., disturbing the assigned condition and leading
to the onset of transient process, should be assigned. .'In a more
general 6aieAr . f(t). if the change of parameters, which enter deteri
expression (10.94), -proceeds rather rapidly, then the process of that d

6hset of disturbance can be considered intermittent. tank c

If AP. f(t), then expression (10.92) will be written so:

AX jQ(,) (10.95)
AX=~TX+~beffect

is det
The solution of linear equation (10.95) has the following hda

form: as a r

with t

AX=iXP -,) [C±+fIex(sdt] (10.96)

could
If we assume AT,. conat, then the solution will be written so: workin

being
£AX= .Y- +Cexp( -- ~ (10.97)A b
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For determination of integration constant C 1el,- us take initial(10.91)
conditions: when - 0; Az -0. Consequently,4

tions, C A 1,A (1098)

. Finally we receive1I0.52)-,

AX~A/i I...xwJ....AglI(10.99)

10.93) Let us examine expressicn (10.94). Deviation cAp.-gan appear
?asa-result of errors in the operation of'a reduction gear. On the

(10.94) other hand, the reduction gear could be used for control of the

dynamic process. The change of pressure in the upper cavity of the

apresents tank requires a certain time, therefore

Ap.=(). (10.100)
ading

,ore The character of the change of pressure with time can be,

enter determined with utilization of the given equation!. If we consider

of that during the period of influence the change of pressure in the

tank can'be disregarded, then I
so: Ao=0. (10.101)

10.,95) Deviation Aa. siee equation (10.94)] appears because of the I
effect of tolerances. Under plant conditions deviation a from nominal
is determined by hydraulic pressure drop tests. The coefficient of
hydraulic, losses is also changed under the action of external factors

as a result of change of viscosity,-v,. This is observed, for example,
with the change in ambient temperature.

10.96)
The deviation of hydraulic resistance from its nominal value

could be used for control of dynamic processes. The movement o-f

working organs of control elements occurs rather rapidly. Thpefore, r

being guided by expression (10.99), we will have

(10.97)
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Deviation, AO [see equation (10.90)) can be caused by change of assi

pressure, ratio and properties of-propellant components. Deviation a sys

AFp is caused',by industrial tolerances, and also by the action of (10.9;

power loads and thermal expansion, appearing during the operation of engino
engines.

In expression (10.99) parimeter A -undei' a predetermined in- for ai
fluence defines both the intensity of-damping and the absolute Value

of deviation.

Decrease of A leads to increase of deviation Ax and acceleration

of the dynamic process. For decrease of Ax one should Increase A.

The mass -coefficient b affects only the intensity of damping.

For acceleration of the dynamic process the quantity of

coefficient coe ffM

formul

PM (10.103)
1 0

should be decreased.

According to expression (10.99) the greatest value of deviation

4Xm._ " AV_ (10.1i04) can be
A

precee
and the rate of change of deviation System

parts.

exp A (10.105) flow r.

b of pre

The greatest rate of change corresponds to moment of time t 6 0; in

this case
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1.102) •ALV, (10.106)

The dynamic processes, which proceed in the neighborhood of

ge of assigned conditions, for an engine on the whole are characterized by

Aio n  a system of equations, written according to the type of equation
.of (10.92)- The quantity and structure of equations will depend on the

fn of engine configuration and features :of its operating,-conditions.

Thus, being guided, for example, by system of equations (10.41),

lnIu for an engine with unloaded tanks we will have
value

X-a,,A,+a,,AX,+aa; +84S1Q

1eration. AX,=a;tj4x,+12AX+a;aAX, +(10.107)leraton .. . . .(10-107-)

o A. t i-a, ,&x1+ aagAXr4+12a&x. + a3 4 x4- ,(te.ax+A(t.. A

For agreement of coefficients of equations ,(10.107-) with,
coefficients of equations (10.41) it is necessary to use,;the following
formulas:

0.103)
at I= a'--2

bl!:- t - 62' ;.1

a', =4 ;

viation
In the examination of many cases, having practical varue,, it

0.10) can be considered that the acquisition of a new mode by the generator

preceeds dynamic processes, proceeding in the main engine units.

System of equations (10.107) is presented in the form of two independent

parts. The fourth equation of the system characterizes the change of

0.105) flow rate of generation means with time, having begun under the effect

of pressure W():

; in AX4 --- a'44AX4-.? 4 (). (10. 109)
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For determination" of Ax4 or AX4max we use the solutions given

in this section.

Now Ax4 characterizes disturbance; the system of calculation
equationswill be written so:

_AtA , Axj+ A0(O; I
Ax2==a; ,Ax1+42&x2+a2'&V34+Ayf) (10. rio)

aA4,x+a,&X+43 Q~

where
wh

(eq
a44

Equations (10.10) can be used in examination of the following
cases. ob

1. Disturbance of the system is caused only by the change of
operating conditions of the generator. In this case

A ,i)=Ay(Q)=O. (10.112)

2. The system is disturbed-by the action of external factors.
Values of i,(t), , A$3(t) should be assigned.

3. Transient processes are caused both by external factors and
by influence on the part of the generator. Here A01(t) and A02(t)

are assigned, and A$3(t) is determined from expression (10.11i).

4. When t - 0 deviations AxiO are nonzero, but are known
according to results of processing experimental data or on the basis

of analysis of previous calculations. Values of AxiO can be used s
when assigning initial conditions.. If during the transient process obt
there is no disturbance, then instead of equations (10.110) we will wil

have a linear homogeneous system:
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s given A=a; iAX +atAX2 a;- aXi

Ai 2 =4; tAXt + a22Ax2 + 42 Ax.; (11 3)
4x jaAx. +a2Axa23~ 3

lation

Let us examine a case- when all a!,-- constant coefficients.
System of equations (10.113) has parttaular solutions of this type:

(10.110)
AX, =yVexp(kt)

Yi=1. 2, 3), (lo.11n4).

where yj- pre-exponential factor; k - the root of characteristic

(10.111)equation.

,By substituting in system (10'.113) the values from solution
ollowing (10.114), collecting coefficients at y. and reducing by exp(kt), we

obtain the following system of algebraic 'equationis:

ange of (a; ,+k)y, +a,2Y21a'3y,=0 I
a; 1 ,+(a;2+k)y 2+a8 v 3=0; 1(10.115)'

(10.112)ay+ay+a+k 3 0

If system (10.113) contains n variables, then instead of system
factors. (10;115) we will have

ctors and (a,,+k)y,+a,,y2 +.. +1a~j'-~O;

a~y:(a2f-ky2 +.. a~V=0;(10.116) Ilk*

a' , + a' 2  (a,+.).,0

own

~ebaisTo ge-t the nontrivial soltition of (10.114) the determinant of
used system (10.115) or (10.116) should be equal to zero. The equation
rocess obtained in this case is, called characteristic. With ni variables we

we willwill have
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a . ..

Usually during solution of equations, which describe the dynamic

processes of the engine, all roots of characteristic equation prove

tobe various. In this case to each root k corresponds to particular

solution:

Axs-:'is exp(ki). (10.118)

The total solution of system (10.113) will be written so:

Axjt = Csis exp (k) (10.119)
I

where CS - constant, determined according to initial conditions.

r
By analyzing expression (iO.119) according to values of *SC S A A l

yjS and kS,, It is sometimes possible to decrease the number of

components in solutions.

Contemporary computer methods allow deviating from the use of

any kind of approximate solutions and permit investigating equation

systems of the type (10.107), written, where possible, more accurately.

However, one should not neglect simplifications, which can be

accomplished by the results of analysis of computer calculation and

experiment, if the accuracy of solutions in this case will remain 12
within the assigned limits.

The utilization of computers allows assigning some values of

a'k in the form of functions of engine parameters, which vary with
time.
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Ex4mpz e.

01.117) it is required to determine the coefficients of the- equation

of the first hydraulic circuit and to investigate it.

Given.

dynamic

)rove Values of parameters at calculated conditions:

ticular

flow rate of oxidizer G1 -100 kg/s;

o.118) flow rate of fuel G = 22.8 kg/s;

pressure pulse 8 = 2600 N-s/kg;

.i 19) pressure in- the chamber p.- 10 MN/m2;

pressure losses in hydraulic circuit A = 1.3 MN/m2;

pressure losses on a throttle, installed in hydraulic circuit,
CvS A 0.5 MN/m

,pressure in the tank 1 0.4 MN/m2;

se of,se of pressure, created by external forces p1 = 0;
ition

gurately. excess pressure, created by pump p.l = 11.4 MN/m2;

and excess pressure, created by pump when G1 1 0, PHI 0 =

inl ,, 12.54 MN/rn2;

the pump characteristic is linear;

s of

with rpm of shaft n - 500.

Preparation of material.
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'Equation of the first hydraulic circuit will be writti, ,so:

41 i&Gt+atA ,&+a, sM+AVI+APt-O Iet us

For determination of the intensity of distrubance we have

AVz '0a l&ooi+l .ADI+a, iADI'+a1 ,AO+aji zla-cn.

*11A&1-_o, inasmuch as with- linear characteristic DI= 0. Engine Adjust-

ment is performed by. the throttle,, installed in hydraulic circuit. compon
'Intenisity of adjustment AP-riai

So Lution.

Let us calculate the engine coefficients.

The coefficient of 'hydraulic losses of the first circuit:

4'API 1,3.130 N-s 2 /M2. 2g?
G2n 104' As one

greate
The coefficient of'hydraulic losses of adjustment element -throttle

'02 ,5.106 ~ 2  2 2 dtr
IAI=- 625 ~ /M kg erm

The nozzle throat area

2
Pp(GI+ 2) - ,319 M

The coefficient of pump characterist'c. Inasmuch as the
characteristic is linear, th~n

PH1 12,54106 2 2
n2 565- .5,6 Ns /m.

Considering the linear~ity of characteristic, we find Error

p.9



so: -6-tI -- aeoM
-pal__ 5100"i 6 . 22 g .s/ 2

Let us compute the coeffic-ients of hydraulic-circuit equation:

Ave
all 2AG -22.8500..

-26M 3O60l -2O.O.-142Og5 N-s/m2 .*kg.

e adjust- in the considered example the greatest-effect on a 1 has the
cuit. component, containing pressure pulse;

=-.8151 N-s/m .kg.

Let us'compute a1

a11 [DnD1,.--0,65-2$I=82 N *s/m.

As one would expect, the ~numerical value of the first component is
greater than-the value of the second.

hrott le

Let us compute the coefficients, entering the expression for

determination of the intensity of disturbance..

Taking into account that jl=-0, We find

416 .- n 12 s M .- 25 104 s 2 2j

he 417t=-(nG, . -- W.100 .. 5.14 kg/s;
a, a,+ (21 122,8 k

J * 2O -,031g _&ok/srn ;

411o0-1.-14 kg2/8 2 .

Error
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where c? - error, which appears as a result of not taccount tai1 reanestking intoacon
nonlinear remainders of Taylor series. ap;

ap;

For the considered case-

-Error olon is determined from results of processing experimental
'data. During engine designing, if there is still no experimental is

data, one should assume clon u 0.

We calculate

AV-APj+25. IO4AD-5.tD-35p- mar
- 4A3-0,16 (A)'+ 20(AG)2. wou

d6N
Let us assume that deviations of all parameters are equal to to

°1% of their calculated values. In this case p,, a 0.01-0.4.10 MN/m2;

AD1 ,= 0.01.50.16,N-s2/m2, etc. As a result oe calculation of the
trainingengine there is found

Av.v-S2 N/m2  of

Coll
If deviations of parameters of the second group are equal in

percentage, then the greatest disturbance appears with deviation of

the coefficient of pump characteristic D1 from nominal. Somewhat less

disturbance appears with deviation 0. Deviation Ap6 1 affects the or
engine operating conditions less intensively. This is explained by

the fact that in engines with turbopump unit pressure p6i is con-

siderably less than excess pressure Hi The intensity'of the total

disturbance (1900 N/m ) was commensurable with the amount of error Let
(1074 N/m2 ). This - a partial result, however it confirms the need

for consideration and analysis of nonlinear remainders.

In the considered example there were taken into account the We

deviations of all parameters, moreover they all were considered

positive. If we accept that AD' < 0, A$ < 0 and Aa < 0, then AV
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S2

account takes the greatest value, equal to 255,826 N/m2. The error, which
appears due to disregarding nonlinear terms, will in this case be
approximately 0.5%.

IfAp = 0; AD1 * 0; AD9 > 0; A$ > 0,and AaI > 0, then AV1 -

= - 129,640 N/m2.

al Thus, in the considered example the intensity of disturbance
tal is ,changed over wide limits:

-129 60<A Vr2MM82.

For providing the greatest uniformity of engine operation th
manufacturing tolerances should be selected so that the value of AV1
would'be the smallest. If, for example, on the average for a series
deviation AD1 is equal to +0.01, then deviation ADI should be equal

ual to to (+0.05). In this case

0 MN/m
2;

the AV-25o 000AD,-50000MAG -250000.0,01--000.0,06.-0.

Let us determine the value of Aa,,, necessary for compensation

of the effect of disturbance. If the disturbance is completely

compensated, then
ual in

tion of 
APi--AVi

ewhat less

s the or
ined by
con- ,-----.

a, I

e total

error Let us assign conditionally

he need

AV,-230 N/r

nt the We find

red
en AV 23-- -0,2 N s2/M kg 2 .

9I04
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Thus, initial value *Al- 50 N.s2/m2,.kg2 should be reduced by

approximately 0.5%. It is easy to see that AV1 - 2360 N/m2 corre-

sponds, to change of Pressure in the tank at 236,0 N/N . Qne should

note that the intensity of disturbance of such order is characteristic

for well worn engines.

If the engine is not adjusted, then, by kn6wing the intensity

of disturbance, it is possible to determine the deviations of basic

parameters from their calculated values. Let us use equation

a,# Ai+a&,As,+a ,a+Av1/,-o

and :by' substituting the obtained values of the quantity',, we find

-128905AG,-81 5054G:+48720Af+2360=0. af

The sequence of figures shows that with the presence of

disturbances n will receive the greatest change, then P and the

least - G1 . If disturbance only affects G1, then

AC, -- 2M ,o183 kg/s.

p With the influence of disturbance only on fuel flow rate G2

we obtain
on

2360, itA 2 - --- 0,028 %. kg/s. 

If AV1  0 0, then the calculation equation will be written so:

ac

12890M5G ,+81 505AG,-48720An.

Let us assume that the number of revolutions was increased by

1%. If this change affected only the oxidizer flow rate 0;,' then we

obtain pa

Re
48 720G, - 8- 0,01 ,800= ,9 kg/s.
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uced' by In °case of the effect of change of number of-revolutions only

orre- on, the fuel flow -rate we obtain

ould

.cteristic A /G2--!o.01500-i.9 kg/s.

Thus, the oxidizer flow rate increased by approximately 1.9%,
tensity and the fuel flow rate- by approximately 13%. The consequence of
' basic increase of number of revolutions will be not only the increase of

flow rate of components, but also the change of component rate kI .

Betore the change of numbers of revolutions

Ind , = - ,

after increase of the velocity of rotation of turbopump unit shaft by

1%

the ~22,8 +79 = ,9

Th'us, the value of component ratio was decreased by approximately
10%.1

te GWhen evaluating the results of the effect of external factors,

on the basic engine parameters and during the solution of problems on

its adjustment, it is necessary to be guided by the complete closed

systems of equations, examined in this section. Therefore, the

numerical values, obtained in the example, do not characterize 
theten so :

actual operating conditions of the engine.

The described procedure allows taking into account the scatter-

ased by ing of parameters, obtained during repeated engine testing. 
The

statistical processing of results of bench tests shows that thethen we
parameters examined above have distribution very close to standard.
Research, conducted in recent years, confirmed that during the solution

of ,problems about the accuracy of adjustment it is necessary to con-

sider the correlation between engine parameters. However, the
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discussion of calculation methods of'the engine with consideration of

the correlation exceeds the intent of this book.

10.7. One of the Variants of Approximate
Calculation of a Power Plant and tl

Duringresearch of the starting operation-of an engine, equipped

with a turbopump unit, and if it is inecessary to obtain a rather

precise character of change of parameters with time one should use

at least four differential equations: two equations of hydraulic ,Here

circuits, combustion chamber equation and turbopump unit equation. It is

After appiopriate conversions it is pssible to obtain one nonlinear

differential equation of the fourth orde., But -attempts to ,fifid, ith

solution in analytical form did not lead to positive results. There-

fore, the considered system of differential equations is usually solved

with the aid of analog and, digital computers. However, a number of it, co
separate problems can be- solved analytically with a certain limited equati
degree 6f accuracy, by applying relationships simplified by appropriate one no
assumptions'. 

derio

deriva
obtain

Engine starting operation

During research of the starting operation it is sometimes

possible to use equations of the third and even the second order., The

order of the differential equation becomes one less, if instead of

two equations of hydraulic circuits we use one. Such a method of

research is possible in three cases. In the first, when under non- still I

steady state conditions the component ratio is not changed with time. unit.

To the second case corresponds the calculation of an engine with di-ffer(

value of kl little varying with time, when in the form of an assumption order

we take ki * const. The error appearing in this case should be W(t),

estimated. To the thirdlcase corresponds calculation, being performed data.

with-a graph of function kl(t), assigned on the basis of processing severa]

of experimental data. Let us note that with change of component

ratio with time for refinement of results one should consider that the

specific pressure pulse depends on kl, i.e., 8 f(kl). The effect of
pressure on 0,, as already mentioned, can be disregarded.
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ation of Let us'-examine the equation of hydraulic circuit in ,the-form

b6 2-DO+DG-p,+aG'+p.=0 (10.120)

and the equation of combustion chamber in the form

equipped ,phtp-L 0(1 +k,)G 2=--. (0.121)

her

d 'use
.aulic Here 0 -the relation, characterizing the effect of delaying argument.

tion. It is obvidus that when kI  const

nlinear

Ind i0 +---- O,_ (i0.122)

'There- -(G + 0G)

lly solved
We solve equation-(i0.120) relative to p., then we differentiateber of

ber of it, considering pK, G2 , 2w as variables. With the aid of obtained
imitedexld an

equations we excludep and b from expression (10.121). We obtain
,- a one nonlinear .differential, equation, containing G2, w and their

derivatives; by dropping the subscript for simplicity of writing, we

obtain

tbC + 2gaG6 + (,D'o + b) 6 + aG2

ge[' 'The ( +k,)G=2eDu;+D +P6. (10.123)•der. The 
Dw-'-m 

•

ad of

d of In order to exclude w and i from equation (10.123), it is

r non-. still necessary to draw upon the differential equation of turbopump

Ith time. unit. As a result of transformations a rather complex third order

gith differential equation will be received. In order not to raise the

assumption order of the equation, it is possible to use the graph of function

be w(t), which is constructed by results of processing of experimental

performed data. With sufficient accuracy for engineering calculations for

cessing several engines of separate stages we take

nent
r that the in=oo[-exp(-I), (J0. 124)

effect of
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where a - the coefficient, which characterizes the intensity of change operati

of angular velocity with time. i.e., 1

Consequently,
follow

*=e exp(-i). (10.125) value t

pump ur

During processing of experimental data, if it is possible to during

consider a - cnst, then for computation of a we use the formula, conditJ

easily obtained from expression (10.124): pellant

occurs,

=-In 1. .- )", (10.126) there E

where w0 - the nominal value of angular velocity of rotation of turbo-
pump unit shatt; w - value of w at some moment of time t0 of the
starting operation of the engine. observ

to inv
Now for calculation of .the engine starting operation we will

have

sb??+ 2AaGO +(eD'%[1 -exp(--ai)]+ b} O+aG2+
); -t-+{D'virI- exp ( --a/) -FD'a-orexp(-)±-- (1+ kL

1)J G-
exp

-L [1 -exp(--at)]?+p 6+2D4[I -xp(--€)j exp(-ot). (10.127) where

veloci

If the entire period is considered as consistini of several

sections, so constant value w0 corresponds to each section, then

equation (10.127) is simplified and takes the following form: (10.121

bO+2taG+(s'+b)daG2+ ( +)

=DoD',%G +p 6 . (10.128)

For an engine with loaded tanks we will have

bO+2aG6+b6+aG+ L0-6(1 +k) G=P. (i0.129) Under
PupP

derivaf If oscillating processes, proceeding in the period of engine cruise form:
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change operation, are not considered', then it can be assumed that e = 0,

i.e.,, T8 a 0 is accepted.

During solution of equations we consider that when t = 0 the
following equalities take place: G - GO; w wo, PK = 0. The initial

.125) value depends on the filling conditions of lines, spinup Of turbo-

pump -unit shaft and the program of actuation of automatic equipment

to during starting. The initial value of w0 is determined by spinup

conditions of the turbopump unit shaft. If with ignition of pro-

pellant in the combustion chamber a noticeable increase of pressure

occursi then instead of p- 0 when determining the initial conditions

.126) 'there-should be accepted pK =p0"

Engine operation at cruise conditionsturbo-"

ie Inasmuch as after the engine starting operation there can be

observed small deviations of parameters from their mean values, then (
to investigate processes we use equations in small deviations:

will

x==G 2-G 2  (L0.130)

Y=C--%, (10.131)

0.127) where G2 0 and w0 - mean (steady.) values of flow rate and angular

avelocity.ral"

n By substituting expressions (10.130) and (10.131) into equality

(10.123), ,'we obtain, the equation in small deviations:

0.128) ,b..21a(G2 +x)x+[,D(%+y)±bjx+a(G2o+X)..
+.4a4D'(±y)±+ 3-( + 1) t(G2o+x)=

=2,2D(,+y)y.+D(w+yi+p. (10.132)

10.129) Under conditions of statics of deviation x = = 0 and their

derivatives 0 = = 0. The equation of statics takes the following

ruise form:
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aGa

20+ --. 0(+k.p2OLW.P6-(10.13 3)

When
By subtracting term by term equation (10.133) from equation secoi

(10.132) and disregarding term D' ,we obtain the

sbX+2ta(G20+X)XC+jsD'(*%+b22aG0

-9sD(* +yhj+2DwOy+Dy2. (10'.134)Th4

*By dropping the products of small deviations, we find checi

£bx+2ea(G 20+x)xi+ jD' (-+uy)-+bjc+2aGhox+
+ sD'(G20+ X)j,+ D'G2 Oy+-- 0 (1 + k1)x= no

FxP this

* =2eD(-f-y y+2Dwby. (10.135)

It under cruise conditions w - const (which usually takes place), then

Y - 0.

Thus, the calculation equation is written so:

showf.
zbx t- 2eaxx -1-(2eaG20 + D'w0 4.b) x ±r

+[ 2aG,o±L8e6±k )]x=-0. (10.136)epr

Let us note that when regulating the engine operating conditions

with the aid of the working medium generator of a turbine the angular

velocity of rotation of the turbine shaft varies with time. However,

this change with a well worn engine will occur so slowly that when

pe rforming engineering calculations we take the averaged value of

w const. With the presence of sinusoidal oscillations of flow rate

of propellant components
where

X.~x~~nw/;(10.137)
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t* j

'When the product of caxk can be looked at as the quantity of the
tion' second order of smallness, equation (10.136) is simplified and takes

the following form,:

eb +(2g6 2 0+ gb')+ b) i + i)]x00 (10.140)

i0-1314)
-The correctness of assumption that xi- approaches zero should be

checked.

In the case of feeding propellant components in gaseous form
into the combustion chamber, it is possible to assume 'r, 0. In

this case e =1 and equation (10.136) will be written so:
10.105)

e), then i+ (2-G0 "

The calculations,,performed on an. MN-7 nonlincazr ana'log machine,

showed that the component, cont 'aining xx, can be disrega~ded, then

expression (10.141) will take the following form:

(10.136)

conditions r20 -a 1 1k. X=O 1-'-k'1x
anguilar ab 4bTT7 FP J.(1.12

However,

when, Equation (10.136) can be written so:

e of'

low rate k+ Mx + 2h + k2x=0. (10.143)

where

-(10.-137) (..11

b b (10.115
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k2=J-(2G2.+9.-~t~h)].(10.1l46)

Let us examine the equation', in which there is accepted xx =A0 and.

0.. With -suoh assumptions. we investigate the burning of gaseous (10.1
propellant, .when intensive pressure fluctuations :are not observed In
the combustion -chamber,. The obtained equation is. as if initial,

.haracteriiing the connection of only basic parameters. It is written
so: This -

examp
x±+A~hx=o. (10.,147)

but now

k2=-L [2aG2 +- --L(1 + k.)] (10.148)
ab] 20 P

Figure 10.1 shows the effect of the component, containing product. xx, ns

on the character of change of x(t).

x

Ionrula (11.143 Fig. 10.1. For calculation by where
(1117 formulas (10.1143) and (10.147). the si

N0

where

Motion-will be aperiodic if

h2-A>0,(10.1149)

or occillatory if knlown,

h2 -k 2 <0. (10-150)

To the transition from one mode to another cor'responds conditio
then
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146) 0- 42=0. (1-0.151)

d By using equations +!Q','145) and (10.148) instead of condition

ious (10.151), we find
in

1 3 1+k , ,
Irite (b 4,2 F'P 2b (10'.152)

This equation canbe solved relative to any other parameter, for

example:147)

k[0'l, (10.153)

.148) Ptme 5 54)

inasmuch as,It X ,

p .=-(I + k,) 20; (10.155)

Ap=aOio. (10.156)

by where Ap - hydraulic losses. With the presence of damped oscillations
47Y. the solution of (10.147) takes the following form:

x=Ao[exp(-h1)]stn(+y), (10.157)

where A0 - initial amplitude; 0 - initial phase. Frequency

142 ] - h2.  (10.158)

).149)
If when t - 0 we will have * = 0 and the value of x0 will be

known, initial amplitude

0.150) A0 -=. (10.159)

Factor exp(-ht) characterizes the rate of damping. If h - 0,zonditio
then oscillations will be harmonic with period
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S 9

(1o.160)

"If the change of flow rate' with time will be aperiodic then the

solution will be written -so:

2 -- [exi1 _--7- k) i -- m iep/ _lexp _h-1! 0 k) j (10.161),

After obtaining the preliminary approximate: solutions i which

permit evaluating the basic connections between parameters and the

relationships between intensities of various influences 'we-d change

to organization of precise calculations, the procedure of accomplish-

ing whiah 1s examined in the following chapter.

high-
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* a

(10.160),

the

(1o.161)

, which

nd the CHAPTE-R XI

change

'complish- CALCULATION OF AN ENGINE ON ANALOG AND DIGITAL COMPUTERS

Computer technology is the basis, which provides rapid and

high-quality solution of complex systems of equations, which describe

the processes in contemporary EZhRD] (MPA) liquid-propeliant rocket

engines. From the number of computers and methods of research being

applied today it is possible to separate three basic groups.

The first group includes computers, intended for algebraic

computations (adding machines, tabulators, general-purpose and

special digital computers). They are sometimes used during research

and calculation of liquid-propellant rocket engines, for example,

during solution of algebraic equations.

The second group includes mathematicalanalog devices or analog

computers. With mathematical simulation on the basis of available

solutions, describing the investigated processes, electrical analogs

of physical processes and phenomena are created. In certain cases

electrbmechanical analogs are created. The widest distribution

received analog electronic and electromechanical models. This group

includes physical simulation computers, for example hydraulic

integrators.

To the third group belong digital computers.
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The problems of designing and preparing new articles as a V
rule are-solved by the method. of searching for the most acceptable be mod,

variants from the many possible ones. he final step of' the search integr

is the experimental check of a limited number of variants, selected elemen

on the basis of analysis of results, obtained on analbg and-digital of ;Suc
computers. Such- a method allows finding the optimum solution faster advant

and more accurately and is economically the most Justified. of noi

as a si
The intensive development of technology is -accompanied by the an

complication of the systems being designed, by reduction of the time computl

for development and introduction, by the growth of requirements for then wi

quality and economy. In connection with this appeared the need for operat:

creation and application of effective methods of optimization of the ities

stages of development, preparation and research of articles, 'i.e., Analog

obtaining the best results'with minimum investments of resources and
time in'the given particular conditions. Ti

tial e(

Electronic models

T1
The basis of the utilization of electronic models is the, during

circumstance that processes differing in their physical nature can be operat
described by the same (formally identical) differential equations. differ(
For example, a second order equation describes the processes,, of pro(
proceeding in the engine, including the combustion chamber, hydraulic initia
circuits and loaded tanks, at condition k = const. Analogous or witt
equations describe the processes proceeding in an electrical oscilla- externE

tion circuit. Formally, with respect to writing, these equations do
not differ from one another. Perhaps it can be considered that the T1
most widespread in the practice of solution of engineering problems applie
is the electronic type of models, intended for investigation of operati
systems, the processes in which are described by ordinary differential of proc
equations. An electronic model-can be considered as an integrator for

the system of differential equations, since voltages, received at T-
the output of appropriate units, to a certain scale represent the designE
solution of the considered system. low-fre
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With respect to mathematical principle the,electronic models can

ble be models, in which-a solution is found by -the method of successive

arch Integration, when the simulation circuit is constructed on integrating

oted elements, or models, accomplishing solution according to the principle

ital of successive differentiation. The first models have a substantial

aster, advantage over the second in reference to decrease -of the influence A

of'noises, inasmuch as a circuit with successive integration operates

as a smoothing filter. This circumstance is rather important, since

the analog devices give less accuracy in comparison with digital

time computers. If it is required to conduct research with high accuracy,

s for then we -are guided by digital computers, but before the beginning of

d for operation on such , computer we look over the-character and peculiar-

of the ities of solution on a display or on the tape of the oscillograph of

analog device.

es and,

The electronic models, designed to investigate ordinary differen-

tial equations, are divided into the three following types.

The first includes general purpose linear models. They are #sed

during research of dynamics of a liquid-propellant rocket engine at

can be operating conditions, when processes are described-by linearized

ons. differential equations. Some difficulties in the course of research

of processes under operating conditions appear when.determining the

draulic initial conditions, which can be obtained by results of calculation,

or with processing of experimental data,, or assigned in the form of

scilla- external disturbances.

ons do
kt the The second type includes nonlinear electronic models. They are

oblems applied during research of dynamics of an engine at the -starting

,:)f operation; Initial conditions are assigned from results of calculation

ferential of processes, preceding the ignition of propellant in the chamber.

ator for

at The third type - nonlinear models with delay units. They are

the designed for the study of transient processes in the presence of

low-frequency oscillations.
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The- equations,, subject to solution on analog, devices, undergo
conversions, In the course of which they-should always be represented

in 'Cauchy Torm, i.ei -normal form.

a fol
Tinea~r equations are written in the foll6wing, form: equal

I disti
Irr411422 . . A) hydra

.......... C2.... ......... );tl I

x4.aX,_+4;gX 2+.......,), the
us ej

where xi unknown-functions (for example p,,, Gis 0); fi(t) The
disturbing influence (for-example, V.);- aK coeffic3ients of the unde3
system being integrated. resii

If the system is-nonlinear, then it is written so:

whero
4here 'VCx1, *~**f(t)] -nonlinear function relationship. hydr,

'Despite the fact that Analog devices do not provide as high

accuracy as digital computers, they possess a number of advantages, seat'

4hich include the following: simplility of preparation of the problem, will

3onvenience of utilizaiion and the clarity of the obtained solution.

During work on an analog device it is possible, while not getting rid

3f the oscillograph screen, to vary the values of various coefficients

and to see now, to what effect the change introduced by the experimenter In e;

leads. heat
res i
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A

ergo-- Hydraulic integrators

esented* During the solution of some types of equations the utilization

of hydraulic integrators proves to be convenient. They are used when

a formal analogy (similarity) takes place between the differential

equations being investigated and equations, which describe the

distribution of heads during laminar flow of liquid in a system with

hydraulic reistance and with tanks connected to lines.
(11.1)

Hydraulic integrators received especially wide distribution during

the solution of-problems of nonstationary thermal conductivity. Let

us examine the shown analogy between equations on very simp, e examples.

The quantity of water 1l, overflowing for time t from vessel to vessel

Sthe under laminar conditions through a pipe with predetermined hydraulic

resistance and difference of heads, is determined by formula

p,-p-paO. (11.3)

Consequently,

(11.2) Yl -P , (11.4)
a

where 6p p1 -P 2 - head difference; a- hydraulic, resistance, or

hydraulic loss coefficient.

Igh The quantity of liquid, accumulated in a vessel with cross-

tages, sectional area F as a result of increase of the level by amount h(t),

e problem, will be
lution.

ting rid (11.5)

efficients

xperimenter In examining the transient process of heat transfer the quantity of

heat QI, which flows during time t through the medium with thermal

resistance R at temperature difference 6T,, will be

Qi

- (11.6)
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coef
The total quantity of heat, obtained by the medium, characterized

by heat capacity o, as a result of increase of temperature by quantity Y62

T will be equal to.

time
Thus,, the investigated equations are similar to equations, which for s

describe the motion of liquid in the hydraulic integrator.

11.1. Power Plant with Gas Pressure Feed System
of Propellant Components

Let us first examine a rather simple problem. Let us compile

a diagram of setting up an analog device and Calculate the starting

operation, of an engine under the condition that the engine at transient

conditions provides k. a const.

Let us assume that at the beginning of calculation all the Fors
hydraulic lines are filled with propellant components, pressure in

the tanks is constant and opening of valves (breakthrough of membranes)
occurs instantly. Wave processes and the effect of delay on operating
conditions are not considered,.

Let us consider the solution of the problem on an example.'

Example By su
we ob

Given.

kI  4,386;

the coefficient of hydraulic fuel losses a2 - 7693 ns2 /m 2kg2; mass
look

'In the compiling of block diagrams and programming, and also in
the solution of given equations there took part colleagues of the
laboratory under the direction of G. A. Guberniyev.
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coefficient b2 = 103 n.s 2 /m2 .kg; pressure in the tank with fuel
erized 2

4antity d 14 Mn/m ratio
P 2

0__- 81,505 Mns/kg m2;

11.7) Fkp

time the gas stays in-the chamber e - 0.02 s; research is performed
which for a case when Ts - 0.

Preparation of eq-rUtion.

The initial system of equations in accordance with ,the scheme

ile given in Fig..8.1 has the following form:

ting

ransient b262 - P62- 402(- P.;

For simplicity of writing let us designate G2 - x and p= y. The

equations will take the following form:.mbranes )

erating

2 P(11.9)

By substituting values of coefficients a2 and b for physical model

we obtain

x i 14.10a-;6Wxt--O,001y;
-+0y (1 .10 )

; mass Let us study the syst-em with an analog device in order to

look over the basic character of the solution.

also in Let us reduce the system of equations to computer form. When
the w ae7

te = - we have x 22.8; y = l07. The expected value of the
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Theoveso

characteristic time of starting operation t =0.01 s. Th ovrinBy

formulas are written so:

x'oxX; y'a,,Y; f-atT; p&."a,Pe. u.)

Le us finod the- value or coefficients. Limiting voltage 'at the output

of all amplfiers of the analog device i-, equal to 100 V. Therefore,

X 22, 8Thi
r 7 >-10 form:

Let us take

aO-0O25.

Le
Taking into account that the expected greatest values of y are equatkc

insufftcientiy reliable, as applied to the utilized computer, let us

take P

To var-I

ii )Pcer L-o succeed during the action of the analog d'vi-ce in w1It h a

atlt'-ntI e y looking over the character of occurrence of the jorocess

-)n Ohe gqreer. of an oscillograph, let us designate T =5s. Then Ti

the in'
at 0,01 -- -lr3 o u l

Now, by using conversion formulas, let us write i;he equations of2

a'*-914-L0-3 7,69a'(4-0,001a9 Y'
41 X 1(11.13)

.! .V=-.50ayY + 21,92. 108aX. J
cons id
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iversion By substituting values of as, a, at, we find

,J 14 101.-2-10-3-L 10-06 .215-1110-3X? /

loS2.1 0-) (li.14)

ne output .' .-. 50.2.1 3Y4-21.92. -O6.O.Z.2.10-3 _ -sx

ere fore,

The equations, reduced to computer form, assume the following

form:

X=28-7,69-10X2-Y 1 (81. Y5)
-0 1 Y-~ + 0,o04X.

Let us use nonlinear model MN-7 to investigate the system 6f

e equations..

let us

To the Input of the integrator adder let us supply dlrect-current

voltage, equal to 28 V (addend of the right side of the first equation).

To var'lable .Pi,.stor let us .,upply a signal (-X 2 ) and install the

, t ,r ,o tail on 'he voltmeter ,f an amplifier we obtain 7.59

with a zlgnal equal to 1 V.

rocess

Then To the second variable resistor let us feed signal (-Y). At

the integrator output, with consideration of inversion,,we obtain
(11.12)solution (-X) Fig. 11.I.

ations of ,V 4. Fig. 11.1. Solution of the first
equation (11.15) at analog deviceMN-7 with consideration of inversion.

(11.13)
Let us direct signal (-X) tc a scale converter and wlth

consideration of Inversion we obtain solution (+O.1X) Fig. 11.2.
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Fig. 11.2. Change of scale and sign of little
the pr#vious solution in the scale prope!
converter. charac

Inasmuch as k--L, to gc, k = 0.1 let us take Ro 0.1 M and

R * oc

Rsx 1 MQ. 'Signal :(+0.lX) is directed to the product unit and to

the adder of the second integxdL±or.

Let us examine the diagram of the second integrator (Fig. i.3).,
To the adder is fed' signal (+0.lX). By using a variable resistor,

we obtain signal +0ilX.0. 44 - 0044X, which corresponds to, the augend

of the right side of the second equation. Let us feed solution (-Y)

from the integrator output to, the adder-integrator input, to the

variable resistor.

4411
+-1 Fig. 11.3. Solution of the second

4equation (11.15).

Simultaneously with this the solution in the form of (-Y) is fed,

as adready inentioned, t o the input of the first integrator. The final

form of the ,diagram is shown in Fig. 11._

RM

SFig. 11.4., The final form of result
the block aiagram for solution obtair
of system (11.15) on MN-7 for tt
analog device.

with

Results of solution are shown in Fig. 11.5. With increase combu

of the initial value of flow rate its "peak" is raised, but insignif-

icantly. The time and character of the starting operation are changed o
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little. Therefore, it can be considered that the quantity of initial

propellant consumption does not have a fundamental effect on the

character of change of averaged Values of engine parameters with time.

.and 'G.. -

i to O

11.3). t-0-z~
or, Xt- 0 25

augend IP'n
(-Y) 10I 20

he -91

6 ,0I _ W72z8

3

4 -

0.01 ,.#? 4J 0.04 6,3

,is fed,

he final Fig. 11.5. Results of cal'cu-
lation of system of equation(11.15).

A graph of the considered function can be constructed from the

I'm of results of calculation on a digital computer. However, analysis of'

lution obtained results showed that there is no need to repeat the solution
7 for the purpose of obtaining greater accuracy.

If the component ratio under nonstationary conditions varies
with time, then it is necessary to use a minimum of three equations:
combustion chamber equation and two hydraulic circuit equations.

_e

isigni f-

changed Let us examine the sequence of compilation of the block diagram

of an analog device.
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The initial systei of equations: Let i

,i +,- 2-P(61 +62)-=o;

b,,=p6,-aGiG-p.; (11.16) Havir

b2b2=P62-a2G2-Pj,.

Let us write the equations in a form convenient for simulation:

Px=Px (G+ 2 );
9 CFKP

66 (ii. 7) takes
S a2 G2-~ '

P662 -L62- 2

b b 2 h26

We take

G1 =a1 U2 ; O2=a°A; } (11.18) Let u
p, = aKU..;. p6 = a6U4.

In electrical quantities the equations will be written so:

I 
6

a0,1 =-!-U a, 21. .--- U- -. U .1

a ,2- LU 2 22-ax U3.-

b2,O b " a,2 b,,,

Further we obtain

&I=a6 U4 -al --1  -U1- ' ,a

02 =--6- -U4 - a2"° U2-- am U 3:, (11.20)a aol. b2 ao

4; 21



[ i

Let us select scales:

aa,=0,, ao,=4;a.=25. 10.

11.16) havifig substituted the scale factors, we obtain system of equations:

,=139t4-0,-12U2139 3; I
tion: 02 = 13TU 4-o,122u- 13713: (11. 21)

&3= -&v.4 415 , i, _.

Let us select time scale at 0.005; now the system of equations

(11.17) takes the form

&, =0,69-U- 0,06UU - 0,695U3;

2=0,68,5U 4-0,06UA-,685U 3; (11.22)

03-= -0,25U,4-0,076u, +0,325 2.

(11.18) Let us compile the block diagram of the problem (Fig. 11.6).

)lI U V3  -LV3 40 +U

(11.19)
I 123 4 o6

(11.20) Fig. 11.6. Block diagram of system
of equations (11.22).
DESIGNATION: 6n - BP = product
unit.
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11.2. Power Plant with Pressure Chambers L

Let us examine the power plant, to the hydraulic lines of which

are connected pressure chambers (Fig. 11.7). With the presence of

pressure chambers the starting operation ib determined basically by

parameters of the pressure chamber-combustion chamber line, and

operating conditions depend-on parameters of-the tank-combustion

chamber line.
where

rate p

'Pd B
-Fig. 11.7. Schematic diagram of

- 2 liquid-propellant rocket engine with
pressure chambers [48],,[97], [64]:

p -- 1 - oxidizer tank; 2 - fuel tank;
- 3 - compressed gas bottle; 4, 5 -

4 pressure chambers; 6 -,combustion
chamber. Accord

lip p

PR

where

W

Equations of pressure chambers

I
Pressure chambers can be of two types: closed and flow-through

or open (Fig. 11.8).

Conseq

Fig. 11.8. Diagram of pressure chambers:
a) closed; b) flow-through

c1b For ad

i
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Let us' eaxmine a closed pressure chamber.

which The equation for determination of volumes has the form

oP
y .by

S

n

where V0 - initial..free volume of the pressure chamber; G -'flow,

rate per second of liquid from the pressure chamber.

By differentiating, we find
tth

Qx

According to the equation of state

V = oR_z (11.25)
P

where YO - initial quantity of gas in the pressure chamber.

We will consider that gas constant R * const.

In the isothermal process

fhrough

(YoRTo0 h (11.26)

Consequently,

(Ypr, Qx. (11.27)

For adiabatic process

-- P, (11.28)
Po
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441.

~wher~e

A! (11.29)

devic

Consequently,

G;~-(1--m)YoR'-11 -p Q.(130)

For flow-through pressure chamber we find: in isothermal process

G~G~-(0 .T)Q Ip2  (11-31)

where, G inflow of liquid into the pressure chamber per second;
p

in -adiabatic process

C, G (I- m YR -Lo QM(11.32)

For s

Equations of one 'hydraulic system of a .power plant PK

Simnul

To the system let us connect a tank, pressure chamber,

.combustion chamber and manifolds with elements of hydraulic resistances.

With closed pressure chamber we have

p-P=a2G'+b 2 6;

P -P., 3GR~SG (11.33)

Herc G flow rate of liquid from the tank.
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44.

Preparation of block diagram, of an- analog device
during research of an engine with

pressure chambers

11.29) Let us examine the compilation of the block diagram of an analog

devi'ce on an example.

For investigation let us take the following values of parameters:

(11.30)

ess a2~~ain 43 b.

u0,82Y.0 0,413.0-- 1O041310-4 13.210-4 0,713.10;4

(1. 31),

Contivnation

ond; fl±ssiations 63 PP ~ V0 ]

]~ ~ ~~0 1~14 6O11(17"~).(1'"10 J
|latv ,81- 0 . X[2.

(11.32)

For simplicity of adjustment of the problem on a model let us take

p= const. Let us reduce equations to a form convenient for

simulation:

sistances. P -

1 l a -

P' b2  P 62 b2 ~
I - (l1.34)

p=p.+a G +b,6,;
(11.33) (GB=GP + G:).

From the equation of state for pressure chamber

v = Y o F (11.35 )
PP
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it follows that
to c(

p.V =YRT=6.0,1 '17,6.10 510,6. 10. de vi(

must
For operation on an electronic analog device it is necessary to the

change from physical quantities to electrical, i.e., to express every-

thing in voltages.

Let us designate

G6='U,; G.;--;U2; G,=aUU'

p;=4U4 ; p=I.4p, p6 =aIJ p. =a7,

where a' 7 - scale factors,* UI 7 - voltages, simulating physical time

quantities.

Equations in electrical quantities will be written so:

Us"'Us -at--EL UU--a

bt b, *, ,

aJ 2 =--U 4 U----U-,-t . we w

aU3 =a,;Uj+a.U,; (11.36)

10,6-103,6 .1 UP

4AU= ;i +a, (,)2U, + b4a j,.

For the selection of numerical values of scale factors it is

necessary to know the limits of change of physical quantities. A

factor is selected so that the voltage, simulating a physical quantity whex

would not exceed 100 V. Usually tentative values of factors are

assigned, which after setting up the problem on a model are modified.

Let us take
wil:

, ,,a,=5; ,a;==& a;=12; a4o=0,12, a,,=o,I;
a;e=O,I; a7=0,1.

4127
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During computation of coefficients of equations it is necessary 4

to consider that product units of type BP-4, BP-7, utilized in MN-7
device, provide 0 .O IU 

2 at the output. Therefore, at U2 the factors .
22

must be multiplied by 100. After substitution of numerical values

3ary to the system of equations takes the form:

ss every-
&j= 15,2U- I5,2U5-31,3U2;

02= 168 4 -14L1 5- 5 2,
U3=O,416(J,+O,834U 2; (11. 37)

&:4=- 1 ,3U 1;

U,=0,216U 3+5,95UL+U,.

By considering the parameters of the device, let us introduce

time scale
sical

Having accepted

at- -- 0--I,. ,4

we will have

(11.36)

aTi'0= 15,21/,- 15,2U5 -31,3U2;

aT' 19= 168U 4 - 140Us-802;

U1=0,416U+0,834U2; (11.38)

0=- 11, 3U2U4;
it is U=0,216atO + 5,95(a+U7,

es. A
al quantity 

.
where U. -computer variable, simulating the physical quantity.

s are

modified.
Finally after substitution of numerical value of at the system

will be written so:

, =0,506U6-0-506U..- I,025U2; (11.39-1)
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J4

O*=5,6U4-4,6U-,3j (11-. 39-2) Li

1,=0,4i6U,+O,84U,; (11.39-3)

04'= .,O37UPU4 (11-39-)

Uia&48&,+5,9uvUj. (ii. 39-5)

The block diagram is constructed according to. equations, begin-

ning with the first. However, there is preliminarily explained

whether derivatives U1 and V2 enter other equations. If derivatives

are not required, then the quantities, standing in the right side of

equation (11.39-1), and (11.39-2), must be fed directly to the input

of integration unit. In this case U1 and l2, simulating derivatives

of flow rates G and Gp, will be required to get derivatives of

total flow rate G., which enters equation (11.39-3). It is necessary

to recall that the quantities, fed to the input of the operating

amplifier, change their sign at its output.

Numeration of the inputs and operating amplifiers themselves is

perfoa med after the whole block diagram of the system of equations
* of vo

is compiled,.
It is

The order of compilation of the block diagram'will be the unit,
appea

following.
tWo e

Block diagrams of equations (iI.39-lY-(iI.39-4), shown respec-:

tively in Figs. ii.9-l.12 are constructed in series. a; ' rea i

' ampli

'which
\"4£ " -", -- ,, ponta:

i-6flm6O-7) , Fig. 11.9. Block diagram of reali:

5.,.: , f7 . /- equation (11.39-1). ,• -" analol

.- ueithei

42,
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(i1l. 39-2)

to 00- Fig. 11. 10. Block diagram-of
(ii. 39-3) p1) equation (11.39-2).

(i1139-4-)

-(11.39-5)

.begin-
egi+Un Fig. 11.11. Block diagram of

ed
tol ,f- equation (11.39-3).

vatives (5n -7)

side of

input I

vatives - +U4

of -to6V-4 to6" Fig. 11.12. Block diagram of
ecessary (511-7) cn-. equation (i1.39-4).

I.I

ives is 4

tions of Inasmuch as the product unit provides only -0.001U- , the amount
of voltage 6-at the output of unit BP-4 or BP-7 proves to be very small.

It is necessary to feed this voltage to the output of one more product
2

unit, in order to obtain U2 U 4 . During the solution large error

appears,. Therefore, it is expedient to divide coefficient 0.377 into
two equal parts.

espec- The system of equations contains 5 nonlinearities. For its

realization thert is required 4 integrating amplifiers, 5 summing
amplifiers and 6 inierting amplifiers, not considering 5 amplifiers,

which operate together with product units. The MN-7 analog device

contains only 4 nonlinearities and 12 free amplifiers. Thus, to
ram of realize prepared block diagram cannot be carried out on an MN-7

analog de.vice. It is necessary to have 2 -combined MN-7 analog devices,
either EMU-10, or MN-7 and supplemental nonlinear units.
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-Further there is-constructed'the block diagram of equation

(11.39-5) of Fig. 11.13. In orde: to realize equation (11.39-5),

it is necessary 'to have U3 and U3"

Fig. ll.13. Block diagram of-equation
(11'39-5).

Quantity U3 is obtained on- aseparate adder during supply of

l and U2 to the output in the ratio shown in- equation (11.39-3)
(Fig. 11.14).

;' " Fig. 11.14. Block diagram for
obtaining derivative U on a= al A separate adder.

Now we shoulid arrange the block diagrims together on one sheet

and connect them. The total block diagram is -shown in-Fig. 11.15.

Results of some calculations

The operation of a feed syste m with pressure chambers is

described by differential equations, which are distinguished from

differential equations: characterizing the operation of pressurized

feed systems of liquid-propellant rocket engines. Therefore, with

the introduction of pressure chambers into the configuration of

a stand device the divergence of bench tests with results of tests

obtained under flight conditions should be expected earlier. However,

as results of bench firing tests show, the introduction of pressure

chambers into the configuration of an engine, installed on a rocket,

in certain cases can prove to be expedient.

Let us examine the results of computations 6P some variants of

systems with pressure chambers. Figs. 11.16-11.22 show the changes of
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arbitrary flow rates G6 from the main ,tank and G from the pressure-
r 6 p

chamber. 'For partial load operating conditions of the system
-(Fig. 11.16) the total flow rate of liquid into the tank, in which

pressure pK prevails and which simulates the combustion chamber,, is

equal to G6 + G . The flow rate of liquid ;from the tank, is smoothly
CS p!

increased with time and reaches the calculated value, equal to

180 'kg/s. Before testing we establish pressure in the pressure chamber,

equal to the pressure in the tank. In the process of testing the flow

rate from the pressure chamber is at first increased, then drops to

zero, which is explained by equalization of' pressures in the pressure

chamber and at its outlet. The total flow rate of liquid G6 + Gp
in the initial starting period is increased so that it exceeds the A

calculated value, then smoothly approaches nominal. Such a character

of change of flow rate with time is convenient when boosting of

starting conditions is necessary.

Cp
- 6+ 200

'-1 .0 Fig. 11.16. Results of
'iMJ / ' calculation of the starting
.10. -20 operation of an engine with

Gp /t pressure chambers at p HOM"

*0, ' 1,0 2.0 ts

M_ .30, ,0o Fig. 11.17. The result of IO
, "calculation with increased

200 pressure in the combustion
Gp V chamber PK < PK'HOM' so

2.0 ts6

G oO

+o _ 3Me Fig. 11.18. The result of highe
a j yg. 0 calculation with reduced shown

pressure in the pressure
-P chamber pp < P6. and G
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essure
200-

which 130 g. 11.19. The result of cal-
which 2i vm culation with increased pressure

er, is. in the ,pressure chamber p> P.
moothly 0. ;P 1
0

re chamber,

the flow

ops to Oa

pressure 4 Fig. 11.20 The result or cal-

'haracter ..

+ GA Fig. 11.21. The result of cal-
oneculation with urnderstated volume

g -- \0of pressure chamber.
250 /

th

J0 400
f no Fig. 11.22. Result of calcula-

I' tion with overstated value of
d mass coefficient.

n Me too

00

Let us assume that pressure in the combustion chamber became

higher than nominal, i.e., pK > Pt.Hom. The result of calculation is

shown in Fig. 11.17, which illustrates the decrease of flow rate G.

and G with time.
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If preliminary pressurization in the pressure chamber is decreased let

-so that p < p., then at operating conditions of the system the liquid fill

Lrom-the main line for a certain period of time will make ,up the but

-pressure chamber (Fig. 11.18). In this case G6 > 0, and Gp < 0. The rota

-above facilitates providing smdother approach of the entire system and'

G6 + Gp to calculated conditions.

if preliminary pressurization in the pressure chamber is increased

so that pp > P6 (Fig. 11.19), then at the initial starting period the

feed of the chamber will be carried out only due to the' pressure

chamber, since G < 0, moreover a certain time, during which G6 < 0,

part of the liquidwill overflow from the pressure chamber into a

tank.

The change of hydraulic resistances in separate components of

the system differently influences the flow rates of liquid. With

decrease of hydraulic resistances the flow rate- grow, and the

stability of the system drops. Figure 11.20 shows the result of

calcuation of the system for a case when the hydraulic resistance of

the line, connecting the tank to the pressure chamber, is decreased

5 times. The considered case is characterized":by the beginning of

onset of fluctuations of the liquid' flow rate.

With decrease of the volume of pressure chamber (Fig. 11.21) Fig.

the fluctuations of flow rates of liquid are increased. with
valv
ator

With increase of inertness of the hydraulic system, achieved gas

due to lengthening of lines or due to decrease of their cross-sectional unit

areas, the time of approach of the system to operating conditions

increases (Fig. 11.22), and sometimes fluctuations of liquid flow equal

rate, proceeding from the pressure chamber, are observed, of h:

a sy,

11.3. Power Plant with Afterburning consl

Let us examine an engine, in which the gas, consumed in the
turbine, is used in the main combustion chamber (Fig. 11.23), and start
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decreased let us calculate its operation under initial conditions: components

he liquid 'filled all the lines, the velocity of their motion is equal to zero,

the but [TNA] (THA) the turbopump unit shaft still has not started to

0. The rotate. Such conditions are far from actual, but they allow writing

jstem and investigating the basic equations of a power plant.

increased

!riod the PC

;ure

-G < 0,$'

.to a

,.ts of _L
With

he

t of

tance of

creased ff

ing of

1.21) Fig. 11.23. Calculated diagram of liquid-propellant rocket engine
with afterburning-: I - oxidizer tank; 2 - fuel tank; 3, 4 - starting
valves; 5 - boost generator (mixer) of oxidizer tank;, 6 - boost gener-
ator (mixer) of fuel tank; 7 - fuel pump; 8 - oxidizer pump; 9 -

ieved gas generator of turbopump unit turbine; 10 - turbine of turbopump

s-sectional unit; 11 - combustion chamber.

tions The same power plant can be described by different systems of

flow equations, however, in the final analysis the differential equation

of high order will always be the same,. Therefore, one should select

a system of equations, so that it would be convenient for the

construction of a block diagram and for solution on an analog device.

the Under conditions of the stated problem let us instantly open

), and starting valves 3 and 4, considering the remaining valves already
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open. Let us distinguish on the diagram two modal points I and II. IV.

generat

I. The equation of material balance of'the oxidizer line:

Xt-X'-X11-xi2=0.(1-1.40)
where a

where xI = GI - the total flow rate 6f oxidizer from tank 1; Xr =F

Xlr = Gir - the flow rate of oxidizer into generator 9, which feeds

turbine 10; x 1  = G1 1 - the flow rate of oxidizer into pressur- 'V.

ization mixer 4 of oxidizer tank; x 2 G2 the flow rate of turbine

oxidizer into pressurization mixer 5 of fuel tank.

II. The equation of material balance of fuel line:
where a

2-X2 x--X2-Xi i- -XI=O; (1.41 ) turbine

turbine

where x2 = G2 -the total flow rate of fuel from tank 2; x2K =G -

the flow rate of fuel into combustion chamber 11 through the cooling V1

passage; x2r = G2r - the flow rate of fuel into generator 9, which ization

feeds tirbine 10; x2 1 ' G2,1 - the flow rate of fuel into pressur-

ization mixer 5 of the oxidizer tank; 'X2 2 = G2 2 - the flow rate of

fuel into pressurization mixer 6 of the fuel tank.
where x

III. The equation of pressure balance from oxidizer tank 1 to

point I: VII

ization
p,aa +Dx-Dxox,-xi b,x,, (1ii.42 )

where p61 - pressure in tank 1, taken equal to 0.5; a1 - coefficient

of hydraulic losses, taken equalto 4.910-4 ; D1 - coefficient of In the

pump characteristic 8, taken equal to 8.075;10-7; X0 = n - number of Vlll

revolutions of turbopump unit shaft; D - coefficient of pump tank:

characteristic 8, taken equal to 4.7 10-6; x = - pressure at

point I; b1 - mass coefficient for the considered line.
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nd ff. IV. The equation of pressure balance from point I to turbogas

generator 9:

e:
(11.143)

(11.40) 3
where a - coefficient of hydarulic losses, taken equal to 3.248.10-;

X =  pressure in turbogas generator.
r7

feeds

ssur- V. The equation of pressure balance from generator 9 through

e of turbine 10 to combustion chamber 11:

I- a,,., @r+Xr)'X,-XXbrr (Jir+X2r)$ '( 11.44)

where ar.t - coefficient of hydraulic losses form generator 9 to

(11.41) turbine 10, taken equal to 7.i110-5; XT a ApT -- pressure drop 'on
turbine 10; x, = pm - pressure in combustion chamber 11.

2K
cooling VI. The equation of pressure balance from point I to pressur-

which ization mixer 5 of oxidizer tank:

ressur- 2

rate of x1-a 1 xii-x =blxl, (11.45)

where XcmI = Pcml - pressure in mixer 5; al 1 156.

i to
VII. The equation of pressure balance from point I to pressur-

ization mixer 6 of fuel tank:

(11.42) x,-a,2XI-xcu-b,2., ,, (11.146)

Cfficient
nt of In the calculation there is taken a1 2 

= 2500.
umbe of12
umber of VIII. The equation of pressure balance from mixer 5 to the oxidizer

p tank:

e at

xCmI-acm t(XI I+ X 1)'-Pe1= . 1 (h 1  +11) (11.147)
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In the calculation there is taken acm 16 = 22.57. XI
chamb

IX. The equation of pressure balance from mixer 6 to the fuel

tank:

xew-a-uo,(x, S+xt,) -Pr-,b. W(4,+4 2) . :( 48) In a)
a2K

In the calculation 'there is taken a m 26 - 51.

X. The equation, of pressure balance from the fuel tank to
point II:

Pa - a 2x -+D2 xl-Dx, 2-x, =b2x . (11. 49)

In the calculation there is taken
wher

a2=4,45.10-4 ; D2=5,639.10- 7; D;=6,85.10-.

XI. The equation of pressure balance from point II to turbogas

generator 9: x

Ix,,aa2x-Xrb2X2r. (11.50)

the 8.10- 2 .In tecalculation there is taken a2 r

XII. The equation of pressure balance from point II to mixer 5:

xj,-a.,A2 1!--AcmI b2 Cu 1 2 P (1151)

In the calculation there is taken a2 1 25.39.

XIII T equation of pressure balance from point II to mixer 6:

x-a22X22--Xc2+ b2 c 2 Xa 2 . (11.52)

In the calculation there is taken a2 2 33.16.

1439
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XIV. The equation of pressure balance from point II to combusteion

chamber l1:-

- fu1~ ,1 -4XL-~bh~. *(11.53)

(l.4)In the calculation for the-entiz e considered line there Is taken
(li48)a2 2.75-10-3 J

2K3

XV. The equation of turbopump unit:

to

111.49) D2XX-D;X 0 Xg

where A and B are determined fr6m turbine pa~nameters.

The equations of mass for gas capacities without taking into

account the delay period have the form
urbogas

XVI.

(11.50) ~'(Xlr+"X 2 +Xx)xK ; '(11-55)1

XVII. ~

ixer 5: irxrx~x~rr
(11.56)

(11.51)
XVIII.4

ixer 6: (±;tsi-Xu 'X 1 .. ; 15)a

PI2(V 2*2)jc2- e m2 (11.58)
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te capacity.I -. l, iSI !
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S,•i I* S I I l ,

the' co~ideredh soiti

,.aa it. ' th 5I

* I, lI I I

1 . The system ofequations contains 17 unknowns, namely:' fbw rates
X ! X X pressures , t b
lS 2 , Zlr, X20- X2K ' 1 1, l 2, 2 1 2 2; psr s while

, I, XcM, 'cH2,, x ,II XT and revolutions x0. ,st
0* system

: 'di~feri
* The first two equations are checked and are not use'd wit! computer

c ouercomputl
calculatiop. Consequently, 17 differential equations remain. The

obtained closed bystem of equations is c'onverted similarly to the, when t]

above disscussed, whereupon'the block diagrim is constructed.
iD

The examihed system of equations describes the process of the i is'

engine starting operation only in the period of pressure increase Sfor ex
'in .the combustion chamber. To investigate the, entire starting program

of the en~inp it is necessary in stages to introduce itto calculation

and exclude from, calculation'the, appropriate equations or groups of,' ; charac
* equations. ;In this case one should be guided b§ a starting cycl6gram, thec, • , the on

bdglnniag the calaulation with first command, sent. to the engine, k i ;, d

and finishing it after the starting operation of ,the engine. t
. " i se ffect

Te- yclogram provides for execution of the ent'ire time sequence in the

of transmission of commdands in the starting periodi. Frequently for loads

clarity we construct a network chart, illustrating the formation of' proces
parallel ;following groups of operations and the sequnce. of their

, 4xecution, inside each group. The description of the method, of , E

development of optimum starting cyclogram apd the examination ofce afreque
ipossible groups of equations during calculatio of starting exceedsI I ,In flI ue
the Jimits of this monograph. 'However, the eqdatibns and described of

methods of their solution given in the b'ook ard successfully applied and me

during re~earch of the many sides of the problem touched upon. charac

n * , Of the
11.14. Calculation of an Engine on hydrau

, , ,Digital Computers

'During the' study of modern engines in most cases high accuracy

of calculation results i's required. Many equationsi which describe of an
first

S , Ii, 441I
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I I



-ay in the-dynamic processes of iiquid-propellant rocket engines, for their

solution require memory units. Therefore, especially recently, during

the study of engineo digital computers, which pertain, as already

ratefs mentioned, to the iath~matical computers of the third group began

to be widely applied. They arealso convenient In the respect that
Whi'le rather high-speed, they allow solving withsmali size of the

system, containing tens and hundreds of equations,-more6ver ordinary

di-fferefitial equations can be nonlinear. In principle on digital
comPuter computers it is possible 'to solve equations in partial derivatives,

The however, it is possible to. actually .6btain such °a solution only
>he when the order of equation is amall-

During research of engines on [MDS] (MAC), digital computers
the it is possible to solve a large group of various que3ti'ons, as,

se for example, the following.

'program

'lation Starting operation ,of the engine - clarification of 'the

S of character of change of parameters with time, primarily pressure in

'logram, the chamber and the component ratio, and also derivatives G. and

k.i; determination of the best operating conditions of valves and

the selection of their operating sequence; determination of the

effect of hydraulic losses on pressure fluctuation in the chamber
eq~ence in the initial period of engine operation; determination of dynamic

Y for loads, affecting the construction and,research of the combustion

n of process.

eir

Engine operating conditions - research .of the character of low-
ot' 'frequency and high-frequency oscillations and the effects of various

ceeds influences on them; search for means of decrease of the amplitude.

ribed of oscillations,; determination of the effect of external factors

p- lied and measugres for weakening their effect; the establishment of

character of change of parameters during the whole operating period

of the engine; selection of the best combination of thermodynamic,

hydraulic and structural parameters.

•urady "'Calculation of' an etgine at starting operation with utilization

-zrlbe of an electronic digital computer was performed by the author for the
,first time and was fiiished in 1957.
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Transition from one condition to another-- research of the and

change of amplitude and frequency of fluctuations of pressure and resu

flow rates; search for means of weakehing the amplitude of the

indicated fluctuations with deep engine throttling; optimization

of the change of parameters with switching of conditions. solu

util!

Research of emergency situations, determination, of the character exec

of charge oV parameter.s of the power plant after the appearance of the

an emergency,. seeking parameters, being changed the most rapidly prod

with the appearance of an emergency, study of engine shutdown

conditions after the-appearance of emergency with respect to a

command from rapidly changing "watch" parameters. As watch parameters type

in miany instahces we take time derivatives p, G and k and
solu

Tuning the engine to a prescribed mode -,construction of wide

calculation nomograms; evaluation of the precision of tuning; and

-slection of the best method and element of' tuning; research on the in p

effect of the quality of production on the precision of engine of s

operation.

The deveZopment of the automatic control system - selection

of the type of feedback; comparison of various schemes; selection

of parameters of the feedback elements; providing the required and

character of change of engine thrust with time; elimination of with

pressure fluctuation in the chamber with the aid of a system with of e

feedback. advaj

calci

The -shutdown mode - research on the effect of afterburning of

propellant in the chamber; selection of the sequence of actuation

of elements of the automatic equipment during engine shutdown, etc. ordej

The processing of experimental data - statistical and correlation

processing of results of cold and hot bench tests, flying tests;

comparison of results of bench tests, conducted at various enterprises and

I

:; 1I 4 3
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the and at a different time;, comparison of data of~bench tests with

,- and results of engine operation in flight.

the

.ation It is completely natural that besides the enumerated, the

solutionof also many other problems is possible. Without the wide

utilization of analog and digital computers at. nresent the qualitative

character execution of scientific research works, designing,, development of

ance of the engine in the designer office and the debugging of engine

oidly productfon at plants are impossible.

wn

o a. Approximate methods-of solution are selected depending on the

parameters type of differeitiaiequations,, the features of boundary conditions

and requirements with respect to precision and time, being spent on

solution of the problem. The Runge-Kutta method received rather

of wide utilization during solution of:ordinary differential equations

ng; and the method of finite differencesduring solution of equations

ch on the in partial derivatives. The ,application of other approximate methods

ine of solution is possible [281.

Runge-Kutta Method

ction

election The Runge-Kutta method all *s calculating with high accuracy

ired and despite the rather high labor input it finds Wide utilization

n of with the numerical solution of differential equations with the aid

m with of-electronic digital computers. One should note that one of the

advantages of this method is also the possibility of performing

calculation with variable integration step.

ning of

tuation Let us assume there is given differential equation of first

wn, etc. order

correlation -f(x, t) (11.59)

ests;

enterprises and initial condition

;(t-oPFXo. (Ii. 60 )
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r. . . .

There is selected step h. Let us introduce designaii'ns therefo:
current

t, 4+1h;. (11.61) X(ti +
H=2h.

)(1.62) permiss

Le

into calculation are introduced numbers: chamber

h1-4f( 4t4.) (11.63) Fo
" be sol,;

A (1133)
k hf[ (,+ (11.65)2-2 G6  G

k =hf [(x,-k ). (+--)1. (11.66)

The successive values x. of sought function x are determined

from formula

x+,-=X+Ax, (11.67)

Initial

moreover

x a-.(kI+214+2k +k ) (11.68)
(I==0, 1,2,...). By sub,

(I1-70:

It is proved that the error of the method on every step is

proportional to h5 . Therefore, with decrease of the step the error

decreases very rapidly. For example, during the solution of equations,

containing the derivative from the delay period of combustion T

the successful result of computation can be obtained only with a very

small step. Effective evaluation of error of the method is difficult,
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therefore for checking the correctness of selection of the step from

current probable value x(t which should be- known, we subtract

xit. -+ 2h), having accepted in the beginning step h, and then step
H 2h., The divergence of obtained values should not exceed the

'(1i.62) permissible error..

Let us examine one hyrauiic line of an engine with pressure

chambers (see Fig. 11.7).

(11.63) For utilization of the Runge-Kutta method the equations should

be solved relative to derivatives. After conversions of equations

(11.33), where for convenienlce of writing there is designated
(11.G64) 6 - G and Gp = G, we arrive at the system of equations in the form

1 1

(11.65) [(2 + 03) p6 -- 2P -Pp

blb2 bh +001

-4ai63 + 4362 + alba)G(a6- 2 3e-2bG,] ;2 (11.69)

(11.66)

d2  *'+6 24)G-PK4 IG2(11. 72636)'

mined

Pp - ~~ 024 (11.71)

(11.67)
Initial conditions:

G 0(0))-0; G,(O)-0; p6(O)-6; p,(0)6.

(11.68)

By substituting numerical values of coefficients in equations (11.69),

(11.70) and (11.71), we obtain

is
ds err= 719p6- 27,4px - 602p - 0,05090 + O,O0172G - O,00226G 2 O; (11.72)

equations, d534pOG43Q2-34p-0O-440O2- G1 * (11.73)

th a ver'y

di ffi cult, 94. O-Gp . (1ii746)
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Let us. select step h = 0.1. For each of the equations let us

construct a calculation -table. First the first column is filled up

'(see Table 11.1) for t 0 0. For filling the second'columns there

are used equations

1*,%

G2102 0+ (11.75)

Ppp = PpO + ---

For fillingr-'he third columns we have

(12 0 + 6)

ko2022' 020+ - 2 (1176)

The quantities of the fourth column are similarly found. After
filling Table ll.i the value of, AG1 is calculated.

The values of Gl, obtained in Table 11.1, are used when filling comput

Table 11.2, which is finished by determination of increment AG2. In of thE

Table 11.3 by calculation App is determined. comput

With the obtained values in , he same sequence we proceed to I
calcuation of the next step interval to the finite time interval of calcu.

interest to us. Calculation should be finished when the system

approached conditions of the sam, type, characterized by G. = const
or by oscillations steady in amplitude. With unusual cases the [EVM]

calculation is completed by the obtaining of a characterist ic change proce,

of parameters, for example, by sharp increase or decrease of selec!
pressure in the combustion chamber. facto

mather
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, uTable 11.1.

'1 0 .. J ... 0 . = .. _.0.0 , 0+h= 0.

I P6 6 6 6 -
2 7 19p6 4310' 4310 4310 4310
3 Pi 1 1
4 27,4 p, 27,4. 27A )27.4 27,4

5 p01 6 6 5,789 5,672
(-11.75) 6 692 pp 4150 4150 4010 3930

7 (2)+(4)+(6) A32,6 132, 272,6 . 352.6
0 GI 0 6063' 7,8 28,58

9 all- 0 44 -60,6 82
10 '0,0609 at 0 2,6M 3,68 49,8,
1 G2 0 126,9 104,3 197,886
12 012 0 0,161.10S' 0,109.105 0.392.105
13 0,00172G2 0 27,7 18,7 67,5
-14 G 2'0 840 814 5660
15 0,00226 r1.02 0 1,I9 1,84 12,8
16 -(10)+(13) 0 25,02, 15,02 17,7
17 (15)-(16) 0 -23,12 "13,18 -4,.9

(1 '.76) 18 1i32.6 155,72 285,78 357.5
19 -o -A 13,6 - - -

21 kl3*-. 1gt 0,0 " - -- 28,58 -
22 4= h 1(11 - -- 35,75

fter h0z -- (13,26 + 2.15,57 + 2.28,58 + 35,75) . 22,9

The described sequence comprises a program for a digital

n filling computer. The type of machine should be selected with consideration

AG2. In of the complexity of the problem so that the operation of digital
computer in the course of solution would be profitable.

ed to For checking the computer calculation it is expedient to

erval of calculate for the- first step interval manually.

stein

= const One of the complex processes, investigated with the aid of an

the [EVM] (3BM) electronic computer, is, as already mentioned, the starting

Ic change process. For determination of the character of change of parameters,
f selection of starting cyclograms, research of the effect of various

factors on the engine characteristics there is constructed a

mathematical model of the engine starting.
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Table 11.2. can al

: 1 Iapproxore Parameters i Aat"d SuO th+'-o, to+- ,05I to+M0,1 develo

howeve

2 M 4 ,P $U4 534 53 534 for th
3 pP 6 6- 5,789 5.612
4 5j34p 3200 3p300 3090 3030
5 -(2)+(4). 2k 2666- 2496
6 0 .o 126,9 104,3 197,88 calcul
7 G0 0,161105 - 0,109-105 0,392.1S expand
8 0,02,3' tL 0, 392 265 954of mat

9 at 0 6,63 7,785 28,58
S10 G2 .o 44 60,5 20 is not

11 0,0221C2.0I 0 0,976 1,34 18,2 method1 0 840 814 566013 0,044 G6.2 0 37 35.8 219 being

'14 -- 01) 0 -392,976 -266,34 -972,2, case J
!5 (4)-(13) 0 -430 --302,1.1 -1221,i the s
16 1 '132,6 155,72 285,78 357;5
17, 0,63 6, 128, '150 275 344
18 4 25,38 2086 1978.86 930,8
19 =hG2(o) 253,8 - -
20 k;of 2 4( 0 5) - 208,6 -

21 ho.3-4G 2 (0 o) - - 197,886 - where
22 k 4=h G2(01) - - -- 93,0#

AG2 = - (263,8 + 2.208;6 +'2.197,886 + 93,08) 193,5
?6

Table 11.3. I 71r
In ?aameters
order tn=:O 0m---0,0 t+ 0o+1--=O,05 to+h=0,1

PP 6 6 5,789 5,67 ' were E
2 P 36 36 33,5 32,1

2 3, subsyc
G 0 126,9 104,3 197,886

4 0,p? 0 4560 3490 6380 moreol
5 pp 0 -4,23 -3,28 -5,97
7 k3 I h P(O) 0 - - 1

7 41' Pp(o,05) - -0,423 - - with c
8 k3-h i , ,(  

- - -0,328 -

-0;9X3 4"Pp~o.i) - - -0,597 I h

of int

APp - (0 + 2 (-0,423) + 2 (-0,328) + (-0,597)] -n,3at mo
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The system of starting equations besides differential equations

can also include algebraic and transcendental equations. 'Known

approximate methods (Runge-Kutta, Adams and others) have been

developed for the solution of systems of only-differential equations,

however it proves to be possible to use this mathematical instrument

for the solution of the system of starting equations.,

Let us examine the utilization of Rurge-Kutta method during

calculation of starting.' In the process of solution the system is

expanded into a series of subsystems, which are solved with the aid

of matrix -calculation. If the quantity of equations in the subsystem

-is- not more than three, it is expedient in this instance to use the

method of substitutions. The quantity of equations in the system

being solved is changed, which leads, to a change of matrices. In this

case it is necessary to- see the the components of the right side of

the system of equations

- = f (0,Y), ( .11 771)

where

Y* is the system of functions f.,

were arranged in such a way that the rank of the matrix of each

subsystem would equal the rank of "expanded" matrix of this subsystem,

moreover the rank of the matrix should not be equal to- zero.

The system of equations of engine starting can include equations

with delayed argument T (for example, equation of combustion chamber).

In this instance it is expedient to construct two parallel programs

of integration (one for integration at moment of time t, the other -

at moment of time t - T) or temporarily introduce the appropriate

'Developed by V. V. Merslikin cand. tech. sciences.
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values of the parameter being integrated into the memory unit of and
the computer. k

err

Most parameters have initial values, equal to zero. In the can

-process of solution this sometimes leads to division by zero and, to

consequently,, to cut-off of-electronic computer. Therefore, it is to

necessar to assign initial values of these parameters-within not

more than 1% of their nominal value. The obtained error remains dif

within permissible limits. qua

The results of solution of the system of equations by the

numerical method are noticeably affected by the amount of 'integration

step h. Experience shows that the error of solution and the is

expenditures of computer tine remain acceptable at h = 10-1 - s._

For-decirease of expenditures ,of computer time it is expedient the
-2to make the integration step variable, namely: h = 10-  s - with

integration of equations of filling of hydraulic lines and

h = i0 - 3 s - with cornnection ,of equations to the subsystem being

solved, which describe the operation of the combustion chamber, gas

generator, turbopump unit and regulating devices.

During programming it is expedient to convert the system of

equations and its subsystem in such a way that in the right sides of

differential equations there would not be variables, being determined

from algebraic or transcendental equations. If similar transformation
is not possible, then it is expedient to proceed in the following whe

manner. (11

Let us assume the system of functions Y of equations (11.,77)

contains a system of-k algebraic and transcendental equations, where

k - whole numbers, moreover mak

< n.

If with th' combined solution of the system of differential, algegraic

and transcendental equations first we solve the differentJ.al equations
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a I I

a *

of and ,after each i-th integration step we detemir,6 the values of

Y, then as a result of delay in the computation of values of 4 thq!

error in the process of solution will always be accumulated, which

the can lead to inadmissible errors even with small integration step or

and, to, divergent solutions. For decrease of tl1is ;errOr It is- necessary
,-it is to construct the program of solution in such a way that values of

, not would be found not after each step of integration of the system of ,

ains differential equations., but in the process 6f determination of "

quantity 1 , where ..
a a

e=. (1-.78)

tegration

is the system of differential equations. This mean. ,that quantity
0- 3 s. should be -calculated. after each value of j, -6 1, 2, 3, 4) on, .

MS
2. the i-th integration step: . *

with

)eing

ar, gas +rn. I .8

3 2;

a of (

sides of a

.term~ned Fw.4Y,s±+- k, (11.82)

s formation

owing where k k k - the system of numbers, determined by formulas

(11.63)-(11.66). 2 2

-.77) The provided method of solution on an electronic computbr of a

, where system of' differential, algebraic and transcendental equat'ions "

makes it possible to obtain satisfactory results.

algegraic

equations , a
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